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THE STAIRCASE PHENOMENON IN 
VENTRICULAR MUSCLE. 

By ALISON S. DALE {Yarrow Student, Oirton College), 

{From the Physiological Laboratory, Cambridge,) 

In a previous paper [Dale, 1930] a relation between the rhythm and the 
amplitude of contraction of mammalian (rabbit) ventricular muscle was 
described. It was found that when the natural rhythm of the perfused 
rabbit’s heart is slowed, the amplitude of the contractions decreases. 
The same relation was found in the case of perfused ventricular strips. 
Such strips do not contract spontaneously, and it was shown that, when 
an artificial rhythm applied to them was halved, the amplitude of the 
contractions decreased, and returned to its former value when the rhythm 
was restored to its original rate. It is evident, therefore, that the pheno¬ 
menon is a property of the ventricular muscle itself, and in the paper 
referred to above it was ascribed to a form of the staircase phenomenon, 
first described by Bowditch [1871]. 

It seemed desirable to make a further study of the phenomenon, and 
to determine, if possible, the conditions necessary for its appearance. 

Conditions of perfusion. 

Experience showed that the phenomenon was always present in a 
strip perfused with a buffered Ringer’s solution, provided that the muscle 
was in good condition. In a feebly beating strip it was not always 
evident and might even be reversed. Feeble contractions were usually 
caused by a slow rate of perfusion, and consequent insufficient supply of 
oxygen. Slowing of the rhythm must in any case increase the amount 
of oxygen available for each contraction. In cases, therefore, in which 
the supply is inadequate at a fast rhythm, slowing of the rhythm would 
be expected to have a beneficial effect on the contractions, masking the 
decrease observed in normal preparations. 

As the phenomenon had only been observed in preparations perfused 
with a modified Ringer’s solution, it seemed possible that it might be 
PH. 3;.xxv. 1 
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peculiar to the perfused muscle. Some experiments were therefore carried 
out in which the perfusion fluid was a mixture of blood and Einger’s 
solution. The Einger’s solution used was buffered with bicarbonate, and 
was made isotonic for the blood corpuscles by reducing the sodium 
chloride content. The blood (about 40 c.c.) was obtained from a rabbit 
by decapitation, whipped, filtered through muslin, and made up to 
1000 c.c. with the bicarbonate Einger’s solution. The mixture was then 
filtered through cotton-wool to remove any shreds of clot which might have 
passed the muslin. The heart of the same rabbit was used for making the 
ventricular strip preparation. The perfusion and stimulation apparatus 
were the same as those described in the previous paper. Perfusion was 
started with Einger’s solution alone, which was replaced by the mixture 
of blood and Einger’s solution as soon as this was prepared. Immediately 
the blood reached the strip, there was an increase in the amplitude of the 
contractions. This beneficial effect of the blood did not persist however. 
It was found that after the first increase of amplitude, the contractions 
became progressively weaker, until they scarcely moved the lever. The 
cause of the weakening was a gradual decrease in the rate of perfusion, 
terminating in a nearly complete stoppage of the flow. The reason for 
this stoppage is not clear, but it seems to be peculiar to the strip pre¬ 
paration, as it is not observed in whole hearts perfused with mixtures 
of blood and Ringer, or whole blood, though Cushny and Gunn [1913J 
observed it in whole hearts perfused with mixtures of serum and Ringer. 
It is possible that, in the strips, the blood corpuscles may accumulate 
at the cut ends of the coronary capillaries, and block the outflow. 

In any case, the onset of this weakening was slow enough to permit 
observations being made while the excursions were still of reasonable 
size. Halving of the rhythm then produced the usual decrease in ampli¬ 
tude of the contractions, and subsequent restoration of the original 
rhythm the return to normal. 

Effect of changing pH of perfusate. 

A series of experiments was next carried out with a view to deter¬ 
mining whether the relation between rhythm and amplitude could be 
changed by variations in the composition of the perfusion fluid. Adrian’s 
experiments [1920] on the perfused ventricle of the frog showed that, 
while at acid reactions a contraction is followed by a short period during 
which a second contraction is supernormal, this supernormal phase dis¬ 
appears when the perfusion fluid is made alkaline. Adrian concluded 



STAIRCASE IN VENTRICULAR MUSCLE. 


3 


that the presence of the supernormal phase is necessary for the production 
of the Bowditch staircase. Although, as was pointed out in the previous 
paper, there is no supernormal phase following a contraction of the 
rabbit’s ventricle, it seemed possible that the supposed staircase effect 
might be influenced by changes in the reaction of the perfusion fluid. 

The strip preparation was again employed. The Ringer’s solution was 
buffered with borate and acetate (H 3 BO 30-062 p.c., CHgCOONa 0-082 p.c., 
NaCl 0-8 p.c., KCl 0*04 p.c., CaClg 0*021 p.c.) and was brought to the 
required fVL by addition of the appropriate quantity of HCl or NaOH, 
comparison being made with a standard buffer solution, using phenol 
red as indicator. Perfusion was always started with a solution at pH 7 - 5 , 
and this was followed by fluids of more acid and more alkaline reactions. 
When changing to a solution of a different reaction, half an hour of 
perfusion with the new fluid was allowed before any records were taken, 
A record consisted of a series of contractions at the full rhythm, followed 
by a series at the halved rhythm, and finally a return to the full rhythm. 
The full rhythm was usually 60 beats per min. This is slow when com¬ 
pared with the natural rhythm of the rabbit’s heart, but at the relatively 
slow rate of perfusion in the strips it is the maximum possible without 
production of fatigue. Two or three records were taken at each reaction. 
The excursions of the lever at the full and halved rhythms were then 
measured, and the decrease in amplitude expressed as the ratio of the 
excursion at the halved rhythm to that at the full rhythm. It sometimes 
happened that, when the rhythm was halved, the decrease in amplitude 
produced was not maintained, but gave place to a gradual increase. 
This was, no doubt, the result of inefficient perfusion (see above), the 
beneficial effect of slower rhythm, under these conditions, appearing after 
a short delay. In such cases the value for the amplitude at the halved 
rhythm was taken as the minimum reached before the secondary increase 
set in. 

Table I shows a few results typical of those obtained. 

It is evident from Table I that there is no significant change in the 
ratio HjF when a neutral perfusion fluid is replaced by an alkaline one. 
The small changes which occur are not always in the same direction, 
and in any case are no greater than the variations among the several 
values obtained for the same reaction. Figures from records obtained at 
an acid reaction are not given, as they, also, show no significant variation 
from normal. 

These results are not in direct disagreement with those obtained 
by Adrian for two reasons. Firstly, the range of reactions emplo}red 

1—2 
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Table I. Results from two experiments. F is the height in mm. of the record of the 
contractions at the full rate, H that at the halved rate. 

Values for consecutive observations in each experiment. 


Temp. 

®C. 

pH 

F 

H 

HIF 

33 

7-4 

10*6 

9-2 

0-86 


7-4 

11*6 

10*2 

0*88 


7-4 

12-6 

10‘9 

0-87 


81 

9*9 

90 

0*90 


81 

9-9 

8-9 

0-89 


7-6 

8-2 

7*2 

0*88 


7*6 

90 

7-6 

0*84 

33 

7-6 

150 

130 

0*87 


7-6 

130 

11*7 

0-84 


8-2 

11-7 

100 

0*85 


8-2 

11-8 

10-2 

0-86 


8-2 

120 

10-3 

0'86 


8-2 

12-2 

10-2 

0*84 


7-6 

12*7 

10-9 

0*86 


7-6 

12-7 

IM 

0-87 


by him was much greater. The rabbit’s heart is much more sensitive 
to changes in composition of the perfusion fluid than that of the frog, 
and larger changes in reaction would have rendered the muscle so 
hypotonic, and the excursions of the lever so small, that accurate measure¬ 
ment of the curves would have been impossible. Secondly, as pointed 
out above, Adrian’s experiments were concerned with the supernormal 
phase, which is not present in rabbit’s heart muscle. 


Changes in Ca* and K* ion content. 

It seemed possible that, as the Ca' and K* ions have such a profound 
influence on the contraction of cardiac muscle, alteration of the con¬ 
centration of these ions in the perfusion fluid might produce some change 
in the relation between rhythm and amplitude of contraction. Experi¬ 
ments were therefore carried out in which the concentrations of the ions 
were varied. Solutions were made up, containing normal, halved or 
doubled contractions of Ca' or K' ion, and records were taken in the same 
way as those described above. The records were measured, and the ratio 
H/F calculated, but it was found that no change in the ratio was produced 
by the variations in concentration of the ions. 


The staircase phenomenon in the frog’s heart. 

Most of the previous work on the staircase phenomenon in cardiac 
muscle has been carried out on the heart of the frog. Many of the 
observations have been made on the heart in situ, others on the perfused 
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organ. It seems that the staircase phenomenon is not always apparent, 
and it has become customary to refer to “ Treppenbedingungen,” i.e. the 
conditions necessary for the appearance of the staircase effect. In the 
experiments on the rabbit’s ventricle just described, these staircase con¬ 
ditions seem to be the normal conditions of experiment, and abnormal 
ones as well, since it was found impossible to abolish the staircase by 
any change in the perfusion fluid which was tried. Conditions of fatigue, 
produced by slow perfusion, were the only ones in which the staircase 
disappeared. 



Fig. 1. Isolated strip preparation of frog’s ventricle, a is the strip; 

6, stimulating electrodes; c, lever. 

It seemed desirable, therefore, to make some observations on the 
cardiac muscle of the frog, to determine, if possible, what the nature of 
these staircase conditions might be. It was necessary that the preparation 
used should have no rhythm of its own, in order that the rate of beating 
might be artificially regulated. A strip preparation was therefore 
employed, and was obtained as follows. The frog was pithed, and the 
heart removed and placed in Ringer’s solution, where it was allowed to 
beat for a few minutes to wash the blood from it. The auricles were then 
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cut away at the a.v. groove, and a cut was made across the ventricle, 
parallel to the groove, and about 2 mm. below it. A ring of ventricular 
muscle was thus obtained, and this, when cut open, formed the strip. 
A piece of silk was tied to each end of the strip, one end being secured 
to a fixed point, and the other end to the lever. The strip was immersed 
in a beaker of bufPered Ringer’s solution, through which oxygen was 




Fig. 2. a, record from rabbit’s ventricular strip. Effect of halve-rhythm and then restoring 
it to normal. 6, record from frog’s ventricular strip. Rhythm halved and then restored 
to normal, f indicate stopping of dmm for 2 min. 

bubbled. This served both to oxygenate and stir the solution. The 
solution was made up according to the formula given by Anrep and 
Segall [1926], this having the advantage that, by mixture of appropriate 
proportions of two solutions, a fluid of any desired reaction can be 
obtained. In the first series of experiments the reaction was adjusted to 
pH 7*5. Fig. 1 shows the arrangement of the apparatus. 

The strip was stimulated rhythmically by means of the apparatus 
employed in the experiments on the rabbit’s ventricle, but the motor 
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was geared down so that the full rhythm was 12 beats per min. This 
rhythm is very near the optimum for the frog’s ventricle at room tem¬ 
perature, fatigue setting in at rates above 16 per min. The presence of 
the staircase was tested by observing the effect of halving the rhythm. 
Fig. 26 is a typical record, Fig. 2 a being a record from a rabbit’s ventri¬ 
cular strip inserted for comparison. 

It is evident that the halving of the rhythm produces a decrease in the 
amplitiide of contraction in the frog’s ventricular muscle, as it does in 
the rabbit’s, but the process differs in two respects. In the first place, 
the duration of the actual “staircase,” whether descending or ascending, 
is much longer in the frog’s heart than it is in the rabbit’s, in respect of 
both time and number of beats. This is easily accounted for on the ground 
that all processes in the frog are slower than those in the mammal. The 
second difference is more important. It was a striking fact, obvious in 
the whole heart, and in the ventricular strip of the rabbit, that when the 
rhythm became slower, the first beat at the lower rate was enlarged, and 
was then followed by the descending staircase of beats. Again, when the 
rate changed from a low to a high one, the first beat at the high rate was 
always smaller than its predecessor, and was followed by an ascending 
staircase of beats. In the frog’s heart these anomalous beats do not occur. 
On halving the rhythm, the decrease of amplitude begins immediately, 
and on doubling it, the increase begins with the first beat at the new 
rhythm. The frog’s cardiac muscle therefore differs from that of the rabbit 
in that, as shown by Adrian, a true supernormal phase follows each 
contraction. 


Attempts to aboi^sh the staircase. 

Various authors have described abolition or reversal of the staircase 
phenomenon. Adrian, as mentioned above, found that the supernormal 
phase disappeared when the heart was perfused with an alkaline solution, 
while Bowditch [1871] and Bornstein [1906] both claim to have 
produced a reversal of the staircase with atropine. In view of the fact 
that it had been found impossible to aboHsh the staircase in strips of 
rabbit’s ventricle, except by defect of oxygen, it was decided to repeat 
experiments with alkali and atropine on the frog ventricular strips. In 
neither case did the staircase disappear. When the rhjrthm was halved 
the amplitude of the beats still decreased, and increased again on return 
to the full rhythm, and there was also always an obvious staircase when 
contractions were resumed after a pause of 30 sec. or more. 

In the case of atropine, a possible explanation of the discrepancy 
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between my results and those of Bowditch and Bornstein» lies in the 
fact that the concentration of atropine used by them was relatively 
enormous. Bowditch, using an isolated frog’s ventricle filled with 
fluid, placed 0*6 mg. of atropine sulphate in the ventricular cavity, 
which, assuming the capacity of the ventricle to be 0*1 c.c., would produce 
a contraction of 0*6 p.c. Bornstein applied the drug to the heart 
in situ by dropping a 1 p.c. solution of atropine sulphate on its surface. 
In the present experiments, the addition of a few drops of a 1 p.c. solution 
to the fluid bathing the muscle, was found to be sufficient to produce a 
very definite increase in the amplitude of the contractions. The volume 
of the fluid in the bath was 60 c.c., so that the addition of two drops 
(0*1 c.c.) of a 1 p.c. solution produced a resultant concentration of 
atropine of 0*002 p.c. If larger quantities (0*6~1*0 c.c.) of the 1 p.c. 
solution of the drug were added, the muscle was rendered inexcitable, 
and the experiment could not be continued. Fiddes [1929] has found 
that atropine does not always abolish the staircase in the perfused frog’s 
heart. 

The discrepancy between the present results and those obtained by 
Adrian with alkaline perfusion fluid is more difficult to explain. 
Adrian’s observations were made on the first two beats of the staircase 
only, and it seemed possible that, in the present series, the supernormal 
phase might disappear at the alkaline reaction, but the subsequent beats 
might show an increase, on account of a cumulative action of the con¬ 
tractions, such as that suggested to explain the staircase in the rabbit’s 
ventricle. Inspection of the records, however, showed that this was not 
the case, the supernormal phase being quite evident even at pH 10. 

There was the further possibility that the difference might lie in the 
preparation, as Adrian had used whole frog’s hearts to which a Stannius 
ligature had been applied, after perfusion with Ringer’s solution of the 
desired reaction. A few experiments were therefore performed, in which 
the whole ventricle was perfused, and its contractions recorded “iso- 
chorically” in the manner described by Anrep and Segall [1926]. The 
ventricle was stimulated rhythmically at a rate of 12 per min. and the 
staircase was studied after pauses in the stimulation of 90 sec. It was 
found, in confirmation of Adrian’s results, that perfusion with an alka¬ 
line fluid (pH 9) abolished the staircase, the beats now being of equal 
size, or showing, at the most, a very slight gradual increase. In a further 
series of experiments a cannula was tied into the ventricle by a thread 
passing round the a.v. groove, thus rendering the ventricle quiescent, 
but passing underneath the aorta, so that this was left free for escape 
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of the perfusion fluid. The contractions were recorded by a lever attached 
by a thread to the ventricular apex. Three successful experiments of 
this type were performed, but in only one of them did perfusion with 
alkaline fluid produce any change. In the other two, supernormal phase 
and staircase remained, thus eliminating the possibility that the per¬ 
sistence of staircase in strips at alkaline reactions is due to cutting the 
ventricular muscle. Fiddes[l929] also found that perfusion with alkaline 
Ringer’s solution does not always abolish the staircase. He further 
showed that, when it does, the staircase can be made to reappear by 
poisoning with various drugs. It seems therefore, that the H' ion con¬ 
centration cannot be the sole determining factor in production of the 
supernormal phase and staircase phenomenon. Gasser and Erlanger 
[1930] have shown that immersion in alkaline Ringer’s solution does not 
always abolish that phase of the action current in nerve, which is 
associated with the supernormal phase of excitability. 

Fiddes [1929] found that staircase is abolished by halving the NaCl 
content of the perfusion fluid. This was tried on the strip preparation 
in one experiment, and it was foimd that though no staircase was evident 
when the stimulation had been interrupted for 1 min., after pauses of 
4, 6 and 10 min. there was an obvious staircase. The reduction of the 
first beat was, however, much less than it would have been, had the 
perfusion fluid contained the normal concentration of NaCl. Halving the 
NaCl content does not abolish the staircase therefore, but decreases its 
intensity. 

The cause of the staircase. 

Several writers have brought forward theories to explain the appear¬ 
ance of the staircase,phenomenon. Lee [1907] showed that asphyxia, 
or perfusion with fluids of acid reaction, caused an increase in the 
contractions of rhythmically stimulated skeletal muscles, and that the 
increase took the form of an ascending staircase of contractions. He con¬ 
cluded that the staircase was produced by an accumulation of metabolites 
(COg, lactic acid) which favoured an increase in the amplitude of con¬ 
traction. Mines [1913] put forward a similar theory to explain the 
occurrence of an optimal rhythm and staircase in cardiac muscle. He 
concluded that the pH of resting muscle is on the alkaline side of the 
optimal, but that at a definite interval after a contraction, the optimal 
interval, the diffusion through the tissue of the acid produced by the 
contraction will bring the reaction of the tissue to the optimal value, 
and a contraction elicited at this moment will be larger than the first. 
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This theory was dismissed by Adrian when he found that the super¬ 
normal phase is still present at acid reactions, but is abolished by alkali. 

In the paper to which reference has already been made [Dale, 1930], 
it was suggested that the staircase phenomenon in the rabbit’s ventricle 
was due to a cumulative action of the contractions. In this muscle it is 
impossible to assume the presence of an optimal interval, for when the 
rhythm at which a strip of ventricle is being driven is accelerated, the 
beat following the first short interval is diminished in amplitude, to 
be followed by an ascending staircase of beats. In the frog’s heart, on 
the other hand, there is an optimal interval, the first beat after a change 
from a halved to a full rhythm being larger than its predecessor. If, 
however, the optimal interval were the only factor involved, we should 
expect the beats following this enlarged one to equal it in amplitude. 
Actually there is a staircase, suggesting that here also there is a cumulative 
action of the contractions. Again, when the rhythm of the strip of frog’s 
ventricle is halved, the beat after the first long pause is smaller than its 
predecessor, but instead of the subsequent beats remaining at this ampli¬ 
tude, they show a gradual decrease in a descending staircase. This suggests 
that the supposed cumulative action of the beats at the full rhythm 
leaves some after-effect, which passes off gradually, and only when this 
has disappeared does the amplitude of the contractions at the halved 
rhythm become constant. Further, if the amplitude of the contractions 
at any given rhythm is determined by their cumulative action, this 
action must be more intense at fast rhythms than at slow, and we might 
expect the after-effect to vary accordingly. A series of experiments was 
carried out to test this point. Pauses of varying length were interposed 
in two series of contractions, one at 12 per min. and the other at 6 per 
min. and the amplitude of the first beat after each-pause was taken as a 
measure of the intensity of the after-effect at that interval. 

In order to obviate errors due to friction between the writing point 
and the drum, the movements of the lever were recorded by throwing 
its shadow on to a moving sensitive paper. The strip of frog’s ventricle 
was prepared and set up as already described, the arrangement of the 
lever being slightly different, as the sensitive paper in the camera moved 
vertically. A small L-shaped piece of brass was pivoted at the angle, 
the light straw pointer was attached to the vertical arm, and the thread 
from the muscle to the horizontal arm. The downward movement of 
the latter was resisted by an elastic band. After setting up the preparation, 
2 hours, during which it was rhythmically stimulated, were allowed for 
it to come into equilibrium with the surrounding Ringer’s fluid. It was 
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found by experience that the amplitude of the contractions gradually 
increases over such a period, then reaching a constant value. A series of 
records was then taken, interposing pauses of various lengths in the 
series of stimulations. As will be seen from Fig. 3, the pauses varied from 
2 to 10 min. A few beats were recorded during rhythmical stimulation, 


mm. 



stimulation was stopped for the desired interval, and then a record made 
of the first few beats on resumption of stimulation. It is very important, 
if consistent results are to be obtained, that sufficient time be allowed 
for recovery after a pause, before the next observation is made. After 
a pause of 10 min., as much as half an hour may be necessary before the 
amplitude of the contractions again reaches a constant value, and enables 
another test of the effect of an interruption to be made. 
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Fig. 3 shows the results of a typical experiment plotted graphically. 
The length of the pause is plotted as abscissa, and the corresponding 
first excursion of the lever in mm. as ordinate. The durations of the 
pauses plotted represent the excess over the normal interval in the rhythm 
of stimulation, thus enabling the excursion of the lever characteristic of 
rhjrthmic stimulation to be plotted against zero time. It is evident from 
the figure that the after-effect left by a series of contractions at a rate 
of 12 per min. is greater than that left by a series at half that rate. 
Further, the after-effect due to the beats at the faster rhythm disappears 
more rapidly at first than that produced by those at the slower rhythm, 
so that after an interval of 8 min. the curves meet and descend together. 

In the previous paper, a tentative theory was put forward to explain 
the fact that, when the rhythm at which a strip of rabbit’s ventricle is 
beating becomes slower, the beat following the first long pause is en¬ 
larged. It was suggested that this enlargement might be caused by such 
an after-effect as has just been described for the frog’s ventricle. If this 
explanation holds, the size of this first beat should decrease as the length 
of the pause increases, and a series of experiments was therefore carried 
out on perfused strips of rabbit’s ventricle to test this. 

The perfusion apparatus was the same as that already described for 
rabbit’s ventricular strips. It is very important for quantitative experi¬ 
ments, however, that conditions such as temperature should be kept 
constant. The strip preparation, the warming coil, and the tube con¬ 
necting the two, were therefore enclosed in a box, which was heated by 
means of a carbon filament lamp, which maintained the temperature 
inside the box in the neighbourhood of 34® C. The Mariotte’s bottle and 
oxygenating tower were outside, and the tube connecting the latter with 
the warming coil passed through a hole in the top of the box. The con¬ 
tractions were recorded by means of a Wiggers’ miniature myocardio- 
graph [Wiggers, 1916], This was slightly modified for the present 
purpose, the needles which form the attachments to the heart muscle 
being placed further apart, in order to include a greater length of muscle 
between them, and so give a bigger excursion. This was accomplished by 
soldering a small piece of brass on to the bottom of the capsule, and 
mounting the fixed needle on this. The capsule was joined by thick- 
walled rubber tubing to a piece of lead pipe, which passed through the 
side of the box, and made connection with the recording capsule outside. 
A T-tap was placed in this connection, so that the myocardiograph could 
be connected, either with the recording capsule, or to the side tube of the 
T-tap which was open to the air. Between the taking of records the tap 
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was turned so that the myocardiograph was connected to the side-tube, 
allowing the muscle to shorten, and thus keeping it in better condition. 
It is important, in recording from this preparation which hangs freely 
from the cannula, that the myocardiograph should be held fairly rigidly. 
If it is free to move, the contraction of the strip twists it into such a 
position that the approximation of the needles is minimal, and a very 
small excursion is obtained on the record. An optical method of recording 
was used, the recording capsule carrying a small mirror which reflected 
the image of a bright line on to the lens of a moving paper camera. The 
bright line was the filament of a ‘^Baby Cine” lamp. The stimulating 
electrodes were two fine silver wires vrhich hooked into the muscle. The 


mm. 



rotary contact breaker, already described, was used, and a switch was 
included in the primary circuit, so that a pause could be interposed in a 
period of rhythmic stimulation by cutting out any desired number of 
beats. It was found that when the myocardiograph is attached to the 
strip, the optimal rhythm is much slower than when the strip is pulling 
on a lever, as in previous experiments. At a rhythm of 40 per min., the 
muscle remained in good condition, but at rhythms much faster than this 
fatigue set in. The pauses were relatively much shorter in duration than 
those employed in the experiments with the frog's ventricle. The minimiim 
pause was that produced by cutting out one beat, while the maximum 
was determined by the fact that after pauses of a certain length, var 3 dng 
in different preparations, the first beat is abnormal, in that it is followed 
by a spontaneous premature contraction. In some preparations this may 
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appear after pauses of five beats^ duration, in others not until the pause 
has reached a duration of fifteen beats. In the preparation from whicl 
Fig. 4 was obtained, it was possible to cut out ten beats without tb 
appearance of a premature contraction on return to stimulation. 

The excursions of the spot of light on the paper were measured an( 
plotted against the duration of the pauses in the same way as wa 
described for the experiments with the strips of frog’s ventricle. Fig. 
shows the results of a typical experiment. The upper straight line giv< 
the values for the enlarged first beat, and it will be seen that the duratic 
of the pause has no effect on the amplitude of this contraction. TI 
amplitude is the same, whether the pause be of one or ten beats’ duratio 
The explanation of the enlargement of the first beat put forward in t 
previous paper is therefore untenable. If, however, the excursion of t 
spot of light for the beat following the first enlarged one is measured 
is found that this decreases as the pause increases in duration, and i 
lower curve of Fig. 4 is obtained. 

Discussion. 

The experiments just described strongly support the theory that 
staircase in cardiac muscle is due to a cumulative action of the < 
tractions. The results obtained give little evidence, however, as to 
nature of this action. There are two possibihties: (1) as suggestec 
previous writers, it may be of a chemical nature, an accumulatio 
some metabolic product which favours muscular contraction; (2) a ch 
in the visco-elastic properties of the muscle brought about by the 
tractions. 

The first possibility is supported by the experiments of Joff4 [' 
on the ventricle of the frog. He finds that fluid which has perfui 
rhythmically stimulated, isolated ventricle, augments the contrac 
of a second ventricle when added to the fluid perfusing it. The ac 
of the fluid is greater, the larger the number of contractions perfc 
by the first ventricle, while the fluid is in its cavity. If such a subs 
is the responsible factor, the production of the staircase may be exp 
as follows. During the ascent of the staircase the active sub 
diffuses away less rapidly than it is formed, so that its con^entral 
the muscle increases and favours an increase in the amplitude 
contractions. As the concentration increases the rate of diffusi( 
increase, and a point will be reached when the rate of diffusion eqr 
rate of formation. The concentration of the substance, and likev 
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amplitude of the contractions, will then have reached a maximum, and 
will remain constant. Further, if we assume that every contraction 
liberates an equal amount of this substance, the faster the rhythm, the 
greater will be the rate at which the substance accumulates. At fast 
rhythms therefore a high concentration must be attained before the rates 
of formation and diffusion arc equal, and the resultant amplitude of 
contraction will be large. Again, in considering the curves of Fig. 3, it 
was pointed out that the curve obtained when the initial rate was 12 per 
min., fell more steeply at first, than that resulting from an initial rate of 
6 per min. This is readily explained, if the initial concentration of the 
substance is greater at the fast rhythm. Its rate of diffusion will then 
be greater, and it will disappear more rapidly. In the case of the de¬ 
scending staircase produced by slowing the rhythm, the rate of formation 
of the substance by the contractions at the slower rhythm will at first 
be less than its rate of diffusion, the initial concentration being that 
characteristic of the faster rhythm. The concentration will decrease, 
however, and with it the rate of diffusion, so that a point will be reached 
when the rates of formation and diffusion are once more equal. The con¬ 
centration at this new equilibrium point will be less, and the amplitude 
of the contractions therefore smaller. 

The second possibility, mentioned above, has been suggested by 
Fischer [1930] to explain the phenomena of the staircase in the sartorius 
of the frog. He finds that the length of the period of rest preceding the 
staircase is a more potent factor in reducing the size of the first beat 
than is the amount of washing that the muscle has received during that 
period. He concludes that, in this case, the accumulation of metabolites 
is not the cause of the staircase. As it is not certain that the phenomenon 
is the same in skeletal as in cardiac muscle, it does not follow that this 
theory can be applied to the latter. 

The first theory fits the experimental facts exactly, as far as the 
ventricular muscle of the frog is concerned. In the case of the rabbit’s 
heart, it is more difficult to apply. With regard to the question of the 
supernormal phase, we may assume that, while in the frog’s heart enough 
of the substance is produced by one beat to augment the contraction of 
a second, in that of the rabbit two beats are necessary before the required 
concentration is attained. The fact for which the theory has no ex¬ 
planation is the enlarged first beat following a pause. As is shown by 
the results given in Fig. 4, the amplitude of this beat bears no relation 
to the length of the pause preceding it, indicating that the substance 
left by the preceding series of contractions is not responsible. It seems 
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that some separate factor must be involved. It was thought that this 
might be connected with the perfusion, but stopping the flow of perfusion 
fluid during the pause, made no difference to the size of the first beat 
following it. Further experiments are necessary to determine the nature 
of this factor, and it is proposed to carry them out on isolated strips of 
rabbit’s auricle. This should be an easier preparation to handle than the 
ventricle, as it does not require perfusion. That the enlarged beat occurs 
in the auricle is obvious from the tracings taken from the whole heart, 
and published in the previous paper (Figs. 2 a and 3a). 

Summary. 

1. The staircase phenomenon in the perfused ventricular strip of the 
rabbit is unaffected by changes in concentration of H‘, Ca’, or K* ions in 
the perfusion fluid. 

2. The staircase phenomenon is present in the ventricular strip of 
the frog. In this preparation it is unaffected by changes in the H’ ion 
concentration of the surrounding fluid, and is not abolished by atropine. 

3. The staircase phenomenon in the ventricles of the frog and rabbit 
is due to the accumulation of some substance liberated during con¬ 
traction. 

In conclusion, I wish to express my thanks to Prof. Barcroft for 
permission to carry out this work in the laboratory at Cambridge, and to 
Prof. Adrian and Dr A. N. Drury for their advice and criticism. 
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STATE OF THE FLEXOR REFLEX IN PARAPLEGIC 
DOG AND MONKEY RESPECTIVELY. 

By J, F. FULTON and C. S. SHERRINGTON. 

{From the Physiological Laboratory^ Oxford,) 

Marked difference of reflex activity obtains between the paraplegic dog or 
cat on the one hand and the paraplegic monkey on the other. For instance, 
the flexor reflex of the hindlimb in the spinal dog and cat is facile and 
vigorous, in the monkey difficult or impossible to evoke. This diversity 
is important because evidently correlated with the relative distances 
respectively separating these two mammalian types from that of man. 
We have sought to find numerical expression for this, and thus to get a 
numerical grading for the difference of spinal condition which it repre¬ 
sents. 

Method. 

The upper limit of the share of a particular muscle which a given ex¬ 
citatory reflex has at command can for some muscles and some reflexes 
be ascertained fairly closely by the isometric myograph. That upper limit, 
peripheral conditions afferent and efferent remaining equal, can serve as 
test for the central effectiveness of the reflex. To such a test the flexor 
reflex, sampled by the main ankle flexor, tibialis anticus, lends itself well. 
It is a reflex in which frequency of reflex discharge tends to correspond 
with frequency of the sensory stimulation of the afferent nerve; hence 
the muscle can be reflexly driven at the same rate as the motor tetanus 
against which it is to be calibrated. 

The tibialis anticus is “isolated” for the myograph by putting out of action by nerve 
section or tendon resection all other muscles of the limb. The limb is fixed by steel drills 
through upper and lower ends of the tibia and clamped to the table below the myograph. 
The myograph used was of the torsion bar type fitted with a mirror for registering optically. 
In one experiment the torsion element was a steel strip [Hartree and Hill, 1921], in the 
others it was a torsion wire with a rooking knife-edge bearing [Ecoles and Sherrington, 
1930],with the mirror axially set on the freeendof the torsion element. The afferent nerve was 
theipsilateral poplitealin the thigh ; the motor nerve was the peroneal, all branches except that 
to tibialis being out distally. Observations were made on the dog, cat and common macaque 
monkey. In the former the cord was in every case out between 9th and lOth thoracic seg¬ 
ments: in one monkey the cord was at 11th thoracic, in the other three at 8th thoracic 
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segment. Whore the myographic examination was made within a few hours of the severance 
of the spinal cord, the j^roeeduro was, before relaxing the anajsthesia employed during the 
operation on the cord, to decerebrate, and then forthwith to discontinue the anfiesthotic. 
Then 3-4 hours later the myographic examination was undertaken. Records were made of 
(1) the reflex at its strongest, (2) of the maximal motor tetanus. The samples of these wore 
usually taken altiTiiately, the motor nerve being stimulated in its continuity. 

Kesults. 

The experiments fall into two groups: (1) where the myographic 
examination was made 3-4 hours after spinal transection; (2) where it 
was made not earlier than the 21st day after the transection. These latter 
are marked c (?.e. “chronic”) in the accom])anying table. 



Table. 

Contraction tension in g. 






Reflex as 





p.c. of 


Wt. ill kg. 

Reflex 

Motor 

motor 

Dog 

7-5 

3490 

4330 

82 

„ c 

()-3 

3250 

30(>0 

88 

Cut 

_ 

2510 

3150 

80 

9J 

— 

1750 

2220 

79 


21 

ISOO 

2140 

84 

Monkey 

30 

0 

3920 

0 

99 

3 2 

V 10 

3450 

0 

t j 

1 8 

0 

3950 

0 


2 5 

95 

210 

4() 


Where the observations were taken within a few hours after cutting 
the cord the value obtained for the reflex both in dog and cat agreed 
fairly with results observed in the cat and rec^orded in a former paper 
[Cooper, Denny-Brown and Sherrington, 19261. There the value 
was 77 averaged from 4 cats; here 79-5 for the cats and 82 for the dog. 
Against those figures two of the three monkeys gave 0, and the third less 
than 0-5, an extreme contrast. 

(1) Evidently in the early “acute spinal” state the spinal activity of 
the mammalian type less remote from man is, as judged by this reflex, 
vastly inferior to that of the type more remote from man. The extensor 
reflexes it is true are in the “acute spinal ” dog and cat much more de¬ 
pressed [Sherrington, 1910] than is the flexor reflex which is freed from 
prespinal inhibition [Sherrington and Sowton, 1915]. With the 
extensor reflexes therefore the inequality between dog and monkey is 
hardly so marked, although with them also the reflex inactivity of the 
early “acute spinal ” state is greater in the monkey than in the dog and 
cat, witness the frequent total abeyance of the knee jerk even for days in 
the “acute spinal” monkey. 

(2) The reflex activity of the isolated cord tends to show some pro- 
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gressive increase for periods covering days and weeks and even months. 
Our observations were therefore extended to see how far the great differ¬ 
ence obtaining between dog (and cat) and monkey in the ‘'acute'’ ex¬ 
periments would hold also over longer periods. The myographic examina¬ 
tion was conducted subsequent to complete healing of the operation 
wound, the spinal severance having been performed with full precautions 
for asepsis. In each case the general health of the animal was, apart from 
the condition of paraplegia, good. 

Dog, small; 7. xii. 29; 10th thoracic spinal segment excised. Wound healed rapidly. 
Animal remained in good health. Usual refiex activity; stepping of hindlimbs on being 
raised; bilateral active extension of hindlimbs on first allowing the limbs to hang pendent. 
2. vn. 30. Weight 0*3 kg.; anajsthetized and deceiebrated at 10 a.m.; limb pn*pared, and 
at 2.30 p.m. Results see Table. 

Cat, young; 24. iv. 30, cord cut at 10th thoracic. I. viii. 30. The w'ound had healed 
quickly and the general health has remained good, and animal has grown; weighs 2*1 kg. 
Ketloxes; spring clip to hindfoot oxeite.s 4juick .ind prolonged llexiou reflex, with some 
stepping ol opposite hindlimb. The flexion reflex under persistence of the stimulus tends 
to break into irregular alternating movements including addiietion-abduetion of limb, as if 
to liberate the limb from the stimulus. Light touching of the ioepads or plantar cushions 
evokes lifting and spreading of the toes. When sjunal stepping is in progress light passive 
su])port of one thigh in its descent toward extension stops the sti‘pping m both limbs. At 
10 a,m. decerebrated under anaesthetic. Limb prepared: myographic e.xamination at 
3 p.m. Results see Tabh*. 

Aloiikoy, Mmvu'us rhesm; 2. vii. 30, forenoon, eoid transected at 8th thoracic segment, 
under dial. 9. vii. 30. VV^miid has healed well: feeds well and has done so since late afternoon 
of 3rd. Complete flaccid paraplegia of hindlimbs; no reflexes; slight decubitus ulcer on 
right hip. 14, vii. 30. Feeding well, and is lively. No knee jerk; adductor response to tap¬ 
ping tendon; slight flexion of hallux on jiincliing toes. Some ulceration on right hip; ex¬ 
tensive wasting of muscle.s; no trouble with bladder; rectal timij). 37"C. 19. vii. 30. Wasting 
of hindlimbs more marked; knees and ankles stand out like knobs in the flaccid limbs. 
Belly wall relaxed; no knee jerks, but adductor jerks pre.scnt. Flexion of hallux on pinching 
foot, accompanied liy sliglit flexion ol ankle. Feeds well; is veiy active w'lth forelimbs; 
ulcer still present over right hip; temp, normal. Photographed. 

22. vii. 30. Good general condition uxiart from the paraplegia; no knee jerks; adductor 
responses on tapping tendon; flexion of hallux on pinching foot. The small sore over tro¬ 
chanter IS covered with clean granulation tissue and has not led to general infection; no 
induration of surrounding muscle. Wasting of liindlimb muscles is extreme. Afternoon; 
myographed. As the animal showed no sensation w hatever at any point below 8th thoracic 
level no general anaesthetic was used; an assistant merely nursed and amused the animal 
while the hindlimb (left) was prepared, Tetanization of central ipsilateral popliteal nerve 
gave sluggish retraction of the cut tib. ant. tendon w^hich lay free; also evident contraction 
of the adductor of opposite thigh. In the myograph the threshold for tib. ant. reflex from 
popliteal was 11*6 cm. (coreless coil) and at 10 cm. had reached its maximal effect, i.e. 
95 gm. contraction tension. Tetanic stimulation of uncut peroneal nerve (its branches 
except that to tibialis anticus having been cut peripherally) gave threshold for motor 
response at 15-5 cm. and was maximal at 12*5 cm. giving 210g. contraction tension. The 
motor and reflex responses were taken approximately alternately. The tetanic contractions 
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relaxed very sluggishly, the “motor’* totani quite as slowly as the “reflex.** The “latent 
period’’ of the reflexes was always very long, ue, between 80a and 90a. To test possible 
escape of current for reflex stimulus at 10 cm. the electrodes remaining as placed on popli¬ 
teal the peroneal was then cut proximal to the anatomical meeting point of the two nerves; 
the response from popliteal then entirely disappeared; it was therefore wholly reflex. Single 
break shock stimuli then applied to distal peroneal found motor threshold at 16-9 cm. and 
maximal at 12 5; the maximal twitch reached 100 g. tension. The twitches like the tetani 
showed quite abnormally slow time relations (r. infra). 

Necropsy showed complete and clean spinal severance at 8th thoracic; the opposite face 
of the cut cord wore 3 mm. apart, with some young scar tissue between them. The cord 
appeared healthy to naked eye except for obvious “tract’’ degeneration detectible to close 
inspection above and below the lesion. 


Discussion. 

The myograph showed the flexor reflex both in dog and cat to have a 
distinctly higher value in the ‘'chronic’' spinal condition than in the 
“acute/’ 88 and 82 as against 80 or a little less. It was not clear from the 
few experiments that the power of the “motor” tetanus itself falls in 
those animals in the “chronic” spinal condition necessarily far below 
normal; but in the “chronic*’ monkey a peripheral change was met with, 
im])airing the nerve-muscle complex itself. This peripheral impairment 
was a complication for the evaluation of the reflex. The occurrence of 
muscular wasting even of dystrophic character in the paraplegic limbs 
had not been unexpected [Sherrington, 1898; Me Couch, 1924]. 
Me Couch in his observations in the monkey found microscopic 
changes (advanced chromatolysis) in the ventral-horn C(dls of the sjiinal 
grey matter of the limb region accompanying a sev^en^ paraplegic state* of 
35 days’ duration. As to the human cord, DrGordonHolmes writes us 
from first-hand experience that he has repeatedly observed chromatolysis 
in the motor-horn cells below severe transverse lesions. We found in our 
3 weeks’ monkey the contraction responses of the flexor muscle under 
direct stimulation of its motor nerve to be in fact severely defective and 
abnormal [cf. also Matthes and Kuch, 1931]. The maximal twitch of 
tibialis anticus for a monkey of the kind, age and weight we were using 
should, to judge from the othcrthrec monkeys of the series, be about 900g., 
whereas the value foimd (Fig. 1) was 105g., nearly a 90p.c. deficit.The ratio 
twitch tension/tetaiiic tension proved abnormally high 45/100, instead of 
about 28/100 as would be expected. For the motor tetanus the subnormality 
of tension was therefore even greater than for the twitch. The enfeeble- 
ment of the response and the wasting of the muscle were more than mere 
disuse could account for. Moreover the time relations of the contractions 
were grossly abnormal. The twitch had, following the nomenclature of 
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Cooper and Eccles [1930], a “contraction time” of 140a, i.c. took that 
time to reach its maximal tension; and the whole twitch lasted some 
900a, The maximal tetanus took nearly a second to relax. In Macacus 
rhesus normally this muscle has a contraction time of barely 30a, and 
reaches complete relaxation in about 210a (Fig. 1). The weight of the tibialis 
anticus muscle in the paraplegic monkey of 3 weeks’ standing was 2-8 g., 
whereas in a normal Macacus rhesus of rather lighter body weight the 
tibialis anticus weighed 5-5 g. Miss Cooper kindly compared the maxi¬ 
mal twitch tension of tibialis anticus of a normal Macarifs rhesus (1*8 kg. 
body weight), the muscle with its tendon weighing 5*6 g., with that of a 
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1. Jsomotric records of maximal motor twitch of tibialis anticus of monkey P, 
M, rhesus; 24 kg. body weight; 3 wc'eks’ jiaraplegic; N, M. rhesus; 1-8 kg. body weight; 
normal. Separate Kuision stjalcs for P und ^ to left; times as abscissae. 

tibialis auticus weighing 4-8 g. from a '2-4 kg. cat. The monkey’s tibialis 
gave for maximal twitch U)40 g. ten.sion, the cat’s 720. 

Our monkey’s reflex had therefore a defective nerve muscle to take, ex¬ 
pression through. If that be considered not to invalidate the application 
to this case of the test used in the others for evaluation of the amount of 
reflex, then the reflex in this ease can be graded at 45. In support of 
accepting the figure, as an ai>proxunation, is the circumstance that both 
elements of the ratio, the “reflex” and the “motor” arc measured 
through the same deteriorated nerve-muscle preparation. The import¬ 
ance of the value thus obtained is that although much smaller than in 
dog (and cat) it is nevertheless much larger than that obtained in the 
monkey in the “acute” spinal state. This argues that there does exist in 
the hindlimb of the monkey a spinal flexor reflex, although immediately 
subsequent to hind thoracic severance of the cord it is so enfeebled as to 
be not then obtainable. That there is some degree of variability from ex¬ 
periment to experiment in regard to this enfeeblement is likely; our two 
observations indicate that. The spinal knee jerk is similarly variable. In 
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the second and third monkeys of our series the spinal transection, at 8th 
thoracic level, was not followed by disappearance of the knee jerk. The 
knee jerk was feeble but remained present even from immediately after 
the performance of the transection. This is unusual [Fulton, 1932; 
Sherrington, 1898J; and in the first and fourth monkeys of our series, 
although of the same species and age, the knee jerk was absent after the 
transection, and in the fourth animal did not return during the subse¬ 
quent 3 weeks. 

Summary. 

1. In the monkey {Macaviis rhesus) after spinal transection in the 
thoracic region the fiexor reflex of the hindlimb instead of being facile 
and vigorous as in the dog (and cat) is for a time unobtainable or if 
obtainable is so merely as a trace. 

2. In the course of some weeks in monkey, as in dog (and cat), there 
ensues some increase of the reflex, the reflex in the monkey can become 
distinctly elicitable, but in the monkey there supervenes a peripheral 
condition of wasting and deterioration of the nerve-muscle resj)onse 
(“isolation dystrophy*'), which tends to obscure observation of such 
central reflex action as exists by impairing its means of expression. 
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THE ROLE OF THE PITUITARY GLAND IN 
PREGNANCY AND PARTURITION. 

I. Hypophysectomy. 

By H. ALLAN and P. WILES. 

{From the Courtaidd Institute of Biochemistry^ Middlesex Hospital.) 

Tkchnique. 

It has been stated frequently that the invariable result of hypophy¬ 
sectomy (luring pregnancy is immediate abortion, yet the amount of 
experimental work which supports this coficlusion is small. A series of 
hypophysectomies was therefore perform^'d in pregnant animals to test 
the truth of this statenumt. Obviously, the operation must be done in 
su(di a way that no structure but the pituitary is injured, and that 
removal is complete. There ar(‘ available a number of methods of ap- 
proacdiing the pituitary. Amongst these are the nasal, the trans-dural, 
th(! buccal and the retro-pharyngeal; the first two are not convenient in 
the cat, and w(* have ust‘d only the two latter as fulfilling as nearly as 
possible tlm necessary conditions. That is to say, the removal is effected 
in full view of the operator, and at the same time the risk of damage to 
ad jac(‘nt structures is reduced to a raiiiimiim. 

One of us favo\irs tin* buccal route, and the other the retro-pharyn¬ 
geal. The buccal route permits of a more deliberate operation and gives, 
perhaps, the best view of the ])ituita.rv region, but it has the serious 
drawback that it is particularly liable to be followed by a severe nasal 
infection which may spread down to the lungs with fatal result. In any 
case, the post-operative period recpiires special (*are and skilled and con¬ 
scientious nursing. With the retro-pharyngeal route these drawbacks are 
to some extent overcome, but the operation has to be conducted with 
considerable speed as retraction of the trachea cannot be indefinitely 
prolonged; the necessary retraction, moreover, somewhat interferes with 
the space available for manipulation. 

It is not proposed to deal in this paper with the results in detail, or 
the full conclusions to be drawn from them. A new operative procedure 
is described, and some modifications of an operation already used by 
McLean. 
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I. The retro-pharyngeal route. 

This will be described in detail, as it is, in many respects, a new one. 
Access is obtained by dissection of the neck, the pharynx is stripped from 
the base of the skull and the bone drilled over the pituitary fossa without 
exposure of any septic surfaces. 

Ancpsthel'ic. We have found an ordinary ether induction followed by 
ether and air administered by a pump through an intra-tracheal catheter 
to be the best method. The intra-tracheal catheter is essential to maintain 
an airway when the trachea is retracted. Experiments were made with 
various non-inhalation anaesthetics, but with all of them there is tlie 
common disadvantage that narcosis is prolonged and the return of the 
cough reflex delayed; this results in stagnation of secretions in the 
pharynx and a liability to infection which otherwise is avoided. 

Pre-operative care. Only animals which have been some weeks in the 
establishment are used—a point which greatly assists convalescence. The 
day before operation only milk is given and on the morning of the opera¬ 
tion nothing but water. Both at the beginning and at the end of opera¬ 
tion the mouth and pharynx are thoroughly cleansed and swabbed with 
a 1 p.c. solution of mercurochrome. The skin of the front of the neck is 
shaved and purified by swabbing successively with 5 p.c. phenol solu¬ 
tion, alcohol and iodine. A full surgical aseptic technique is used 
throughout. 

Operation, The animal is tied out in the dorsal position and the chin 
well extended with a weighted hook. A skin incision about in. long is 
made in the mid line of the neck, extending from | in. below the jaw to 
the sternum. Skin flaps are dissected back, and towels fastened to skin 
edges with MicheTs clips. The transverse vein under the chin is divided 
between ligatures, and the sterno-mastoid muscles are S(‘parated with the 
aid of a knife; this exposes the infra-hyoid muscles which are separated 
by })lunt dissection from the carotid structures. Tlic nerve to the infra¬ 
hyoids is isolated but not cut, but the nerve to the thyro-hyoid group has 
usually to be sacrificed. The hypoglossal and external laryngeal nerves 
are seen at the top of the wound but are not in any serious danger. The 
trachea and oesophagus are lifted up from the pre-vertebral fascia and 
held aside by a retractor, great care b(?ing taken not to compress the 
trachea so as to interfere with the air return. The pharynx is similarly 
separated for a short distance until the median fascial septum comes into 
view. This is then picked up with forceps and the fascia overlying the 
pre-tracheal muscles is incised just posterior to it. The separation proceeds 
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cranially, dorsal to this plane which eventually becomes continuous with 
the muco-periosteum covering the base of the skull. This muco-pcri- 
osteum is separated from bone by swab dissection to just beyond the tip 
of the pterygoid bone, which can readily be felt with the finger; this is 
about J in. beyond the large bullae which lie immediately laterally to the 
pharynx. An occasional touch with a sharp-pointed knife may be neces¬ 
sary at the extreme lateral margins and care must be taken to avoid 
several small veins in this region. 

The pharynx is now retracted by a specially designed retractor; this 
is about in. wide and curved on the flat so as to fit round the hole to be 
made in the bone. When using it, it is imperative to avoid bruising the thin 
wall of the pharynx. The point selected to drill the bone is almost exactly 
opposite the pterygoid and not infrequently a small emissary vein may 
be seen issuing at the precise spot. We have been in the habit of using an 
ordinary dental burr driven by a foot-drill to pierce the bone, the hole being 
enlarged with the largest-sized burr in very much the same manner as a 
cavity in a tooth. Injury to the dura is easily avoided, and with a little 
trouble an opening at least as large as the pituitary fossa can be ob¬ 
tained. The cavernous sinuses lie one on eacdi side of the pituitary fossa 
and joining them posteriorly is a large communicating sinus; the anterior 
side is comparatively free from blood vessels, so it is better to err in an 
anterior direction when drilling the bone. 

The dura is incised at the central point between the sinuses, and the 
pituitary immediately bulges through it. A large-sized sucker attached 
to a water pump is a})plie(l, and a considerable portion of the pituitary 
thus removed; escape of cerebro-spinal fluid and some bleeding follows. 
The bleeding is controlled by application of crushed muscle. The portions 
of the pituitary lying circumferentially under the dura escape removal 
with the siic.ker, ami are sought for with a small, curved, blunt-edgedspoon. 
The pituitary is not shut off from the general cranial cavity by a “dia¬ 
phragm” of dura as in some animals, so injury to the infundibulum cannot 
always be avoided. Should one of the large sinuses be inj ured the bleeding 
can usually be controlled in a few minutes by packing over a piece of 
crushed muscle; once or twice, however, it has been necessary to leave in 
a small muscle plug. The hole in the bone is filled with Horsley’s wax, 
the superficial muscles are brought together with a running suture and 
the skin wound closed with interrupted stitches. 

After-care. The wound is painted with Whitehead’s varnish, but no 
dressing is applied. The cat is placed in a warmed cage on a bedding of 
cotton-wool—we have found tliis last point of no small importance in 
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obtaining healing by first intention which now almost invariably occurs. 
The stitches are removed after about a week. 

Water is allowed immediately the animal comes round from the 
anaesthetic, but for the following 24 hours nothing else is permitted; 
thereafter milk is given, and at the end of 48 hours raw meat is usually 
taken. A sardine or other tasty morsel may assist in re-establishing the 
appetite. When this route is employed there is seldom any difficulty from 
sepsis of the pharynx or elsewhere, we have lost but few cats from this 
cause, and there is very little trouble in the post-operative period. 

IT. The buccal route. 

Full details of the operative procedure in the removal of the pituitary 
by the buccal approacdi are given by McLean [1928]. The operation is 
performed with the eat on its back, the mouth held widely open; the soft 
palate is divided for about 2 cm., the mii(*o-periosteum over the sphenoid 
is incised and retracted, and a hole drilled in the bone. The pituitary is 
seen at the bottom of the hole and is removed by suction under direct 
vision. 

The modifications we have adopted are: 

(1) Anesthetic. Nembutal 844 has proved very satisfactory, as, in 
doses of 0*04 g. per kg., it gives adequate relaxation and the animal 
recovers consciousness in about 12 hours. It is given by intra-peritoneal 
injection as a 5 p.c. solution. 

(2) Nasal sepsis. McIj can's paper is mainly concerned with dogs, in 
which apparently nasal sepsis is infrequent. In the cat, however, nasal 
sepsis is only too easy to set up, and almost impossible to cure. We have, 
therefore, taken extreme j)recautions to avoid the entry of blood or mucus 
to the nose from the pharynx. For this purpose the posterior edge of the 
soft palate is pulled forward and a pledget of wool passed forward behind 
it, so that the posterior nares are plugged before the soft palate is incised. 
Further, to obtain a clear field and prevent the oozing of blood from the 
cut edges of the palatti, we now use a solution of adrenaline 0-1 p.c. and 
10 p.c. cocaine for local application to both surfaces of the soft palate 
before it is divided. The same solution is used to diminish the somewhat 
free bleeding from the muco-periosteum covering the sphenoid. 

(3) Whitehead's varnish. This has been used to paint over the 
sutures (catgut 000) in the muco-periosteum and in the palate. We 
believe it gives better healing in what must be, whatever precautions are 
taken, a relatively septic cavity. 
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The actual removal of the pituitary, after it has been exposed through 
the mouth, is the same as that described above for the retro-pharyngeal 
route. 


Results. 

The earlier operations were followed in many cases by the delivery of 
normal-looking foetuses in 2-3 days. It was at that time impossible to 
obtain pregnant cats whose date of impregnation was known, so that there 
was no evidence that the delivery was not occurring at the appropriate 
time. The greatest time which we have so far observed to elapse after 
operation before delivery occurred is 11 days. In only one of the series 
did the mother make any attempt to suckle her kittens, and in this case 
she abandoned the effort after 2 days; in all the other cases the mother 
ignored the kittens. Serial sections were made, in a number of cases, of 
the infundibular region of the base of the brain, and of the dura lining the 
pituitary fossa, to prove that the removal had been complete; details will 
})e published lat(*r. 
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35 

Delivery 

4 

1 A. 

42 

Delivery 

n 

3 A. 

43 

Delivery 

4 

1 A., 2 D. 

45 

Laparotomy 

5 

3 A. 

44 

Delivery 

5 

4 A. 

52 

Laparotomy 

5 

5 A. 

46 

Delivery 

8 

1 D.* 

56 

Delivery 

5 

Fmtuses 

eaten 

54 

Delivery 

2 

3D.* 


* I'reiiiature. 


Further experiments are in progress to ascertain whether the pituitary 
is essential to the continuance of pregnancy even during the earliest 
stages. 


Conclusions. 

1. Delivery can take place, apparently quite normally, in the absence 
of the w^hole pituitary. 

2. Delivery does not necessarily follow immediately on removal of 
the pituitary. 

3. Suckling has not been observed to take place. 
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This work has been carried out in the Courtauld Institute of Bio¬ 
chemistry by the courtesy of Prof. E. C. Dodds, to whom we are greatly 
indebted for his criticism and advice. One of us (H. A.) was working 
under a grant from Dr R. A. Gibbons, donated for the purpose of in¬ 
vestigating the cause of the onset of labour. 

We wish to express our thanks to Mr E. R. E. Spence, our laboratory 
assistant, for his technical help in the work and the care he has devoted 
to the animals. 
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THE INFLUENCE OF INSULIN ON THE LIVER 
GLYCOGEN OF THE COMMON GREY AUSTRALIAN 
“OPOSSUM’’ (TRICHOSURUS). 

By B. CORKILL. 

{From the Baker Institute of Medical Research^ Melbourne.) 

There is now a body of evidence clearly indicating that, in respect of 
liver glycogen, insulin produces two sharply contrasted effects, when 
administered to different normal species. In young rabbits and kittens, 
for example, a definite glycogen storage has been demonstrated [Gold- 
bla tt, 1929, 1930J, while in mice, rats or chickens no such storage occurs 
[Cori and Cori, 1928; Corkill, 1930J; in fact, the predominant effect is 
that of depletion. Dale and his co>workers have already advanced an 
explanation for the latter type of effect, whilst more recently [Corkill, 
193()J evidence has been furnished to suggest that the glycogen storage 
observed when insulin is administered to young rabbits is not directly 
due to insulin but requires the cooperation of adrenaline, secreted in 
resjionse to the insulin hypoglyca^rnia. Perhaps mice afford the most 
striking example of a specie^s in which insulin causes an actual disap¬ 
pearance of liver glycogen, whilst young rabbits afford an excellent 
contrast, since here the animals injected with insulin often show liver 
glycogen values seven to ten times greater than the controls. It might 
be objeett^d that, in view of the much more rapid metabolism of mice, it 
is not legitimate to compare such animals with rabbits; and it is chiefly 
from this aspect that the results obtained ^vith the adult opossum are of 
interest. The opossum, in rate of metaliolism, corresponds to the rabbit; 
but the values observed for liver glycogen, after the injection of insulin, 
are so strikingly different from those found in young rabbits that a brief 
description should prove of interest. 

Attention was first directed to the opossum by the suggestion that in 
these animals the suprarenal glands were, in comparison with the lowest 
mammal, i.e. the platypus, in a. state of retrogression. According to 
MacKenzie [1921], “in the koala and opossum the suprarenals would 
appear from their structure and small size, as compared, for example, 
with the platypus, to play a not very essential part in their economy. In 
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fact, the right suprarenal gland is frequently absent and grades in its 
disappearance may be demonstrated/’ These statements suggested the 
desirability of investigating the action of insulin in such animals; but, in 
the twenty animals which formed the basis of the following investigation, 
the right suprarenal gland was invariably present, although in many 
instances placed under the hepatic capsule and, therefore, in close rela¬ 
tionship to the liver. Histologically, no departure from the normal has 
been observed, and certainly no cortical invasion by lymphocytes. In 
several instances suprarenal extracts prepared from right and left glands 
with acidulated saline gave practically identical results when tested by 
the spinal-cat blood-pressure method. Finally, the suprarenal glands 
from the opossum compare, in respect of size, quite favourably with 
those, say, from an adult cat of the same weight. 

Experimental methods. 

The name ‘‘opossum'’ applied to these animals is in a sense a mis¬ 
nomer, since they differ widely in habits from the American Didelphidie, 
or true opossums. These latter animals are carnivorous, whilst the Aus¬ 
tralian opossums belong to the eucalyptus-leaf eaters. 

In the present experiments adult opossums weigliing from 1*5 to 
1*8 kg. were used. In the Australian opossum single births are the rule, 
in marked contrast to the true opossum, which will sometimes be seen 
carrying a dozen young ones on its back. Hence it was impossible to 
conduct experiments on similar lines to those with young rabbits, in 
which case the animals receiving insulin were compared with ‘'controls'’ 
from the same litter. Accordingly the plan adopted was to select opos¬ 
sums of approximately the same weights for ‘‘control” and “insulin” 
groups. The adult opossum displays quite a definite resistance to insulin, 
since 10 units are usually required to produce a definitely hypoglycaunic 
state. The insulin ((Jommonwealth brand) was injected subcutaneously 
over the thigh muscles, and on the development of flaccidity and inco¬ 
ordination (usually within 3-4 hours) the animal w^as killed by a blow on 
the head. The thorax and abdomen were then quickly opened, the liver 
weighed and dropped into tubes of boiling 60 p.c. KOH. The glycogen 
determination then followed the procedure described in a previous paper 
[Oorkill, 1930). In addition, blood was taken from the heart and 
glucose estimated according to the method ofHagedorn and Jensen. 
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Eesults. 

The results are presented in two groups. In the first series the experi¬ 
ments were conducted after a period of 24 hours’ fasting, whilst in the 
second series the period was extended to 3G hours. In all instances insulin 
failed to produce a deposition of liver glycogen. 

The “control” figures, particularly those of the second series of ex¬ 
periments, afford a very favourable basis on which to interpret the 
insulin figures, which certainly do not indicate glycogen storage in the 
liver. The results of these two series of experiments are shown in Tables 1 
and II. 

Experiment. 

Six adult opossums were taken and kept without food for 24 hours. 
Three were then set aside for control purposes, whilst the remainder were 
injected with 10 units of insulin. The values obtained for liver glycogen 
are shown in Table I. 


'J'able 1. Adult opositutm Judimj for 24 hoarn, 

Controla After inHuiirx (10 units) 


Weight of 


Blooii 

Weight ol 

Liver 

Jilood 

opoMNum 

glycogi'ii 

sugar 

opossum 

glycogen 

sugar 

iJ- 


p.c. 


p.c. 

p.c. 

1502 

1 8 

0 124 

1520 

0 45 

0 052 

1345 

005 

0 115 

1300 

0 48 

0050 

1425 

1 12 

0128 

1250 

0 75 

0045 

1050 

1 05 

0 110 

1(>20 

0(>0 

0 040 


Av^erage 1480 1-23 142;l 0 57 

In the next series of experiments the opossums were kept without 
food for 36 hours. Tlie figures shown in Table 11 represent several experi¬ 
ments, but, since the experimental conditions were identical, the results 
may be grouped together. 


Table II. Opossums fasting for 30 hours. 



Controls 


After insulin (10 units) 

r 

Woigilt of 

Liver 

Blood 

Weight of 

Liv er 

Blood 

opossum 

glycogen 

sugar 

o2)ossum 

glycogen 

sugar 

g- 

pc. 

p.c 

g* 

p.c. 

p.c. 

1725 

0-78 

0 130 

1850 

0*85 

0032 

1450 

0-51 

0*112 

1575 

0*28 

0*025 

1800 

0 48 

0105 

1280 

0* 10 

0*045 

1885 

0-34 

0*121 

1485 

0*28 

0*050 

1580 

0-38 

0*118 

1520 

0*18 

0-030 

1850 

0-45 

0*108 

1818 

0*30 

0*028 

Average 1845 

0*49 


1518 

0 30 
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Summary, 

In the adult Australiau opossum (Trichosurus), insulin, in doses suf¬ 
ficient to produce a pronounced hypoglycsemia, without convulsions, 
causes no deposition, but rather some depiction of liver glycogen. 
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THE INFLUENCE OF TEMPERATURE IN THE FROG. 

(i) On the circulation, and (2) On the circulatory effects of 
adrenaline and of sodium nitrite. 

By W. C. CULLIS and E. M. SCARBOROUGH. 

(London (li.FJI.) School of Medicine for Women.) 

With a view to testing tlie effeets of temperature on the action of hista¬ 
mine upoji the circulatory systi‘m of tin* frog, a series of experiments was 
undertaken. This consisted of perfusion experiments, in which the blood- 
j)ressure variations were recorded from the aorta, and the changes in 
calibre of wch vessels were studi(Hl, «dther by direct measurement or by ob- 
si*rving the flow through them of solutions containing dyes or suspended 
parti(‘Ies. As a result of th(*se investigations it became clear that, before 
the effects of change of t(*mperature on the action of a drug could be 
determined, it was necessary to study the effects on the system of tem¬ 
perature variations alone. Also that satisfactory observations could only 
be expected wlien working as far as possible with an intact circulation. 
A preliminary series of ex])eriments was then undertaken to determine 
the relationship—if any—between temperature on the one hand, and 
blood-pressure, heart rat(* and web circ.ulatioji on the other. 

Method. 

Hpinal frogs were used. The blood-pressure was recorded by means of 
a water manometer connected with the right arch of the aorta; the heart 
rate wais counted directly through the small incision; and the w^eb circu¬ 
lation observed in the foot attached to a microscope stage. It wtis found 
that the natural circulation through the web w^as not interfered with by 
the manipulative procedure, provided that bleeding was avoided and that 
the blood-pressure cannula caused no blocking of the left arch of the 
aorta. The temperature of the frog w^as controlled by w^ater dripping onto 
a cotton-wool jacket surrounding the preparation. The temperature wras 
recorded from a small thermometer inserted into the thoracico-abdominal 
cavity through the incision. 
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Results. 

Fi^s. 1 and 2 show the results, given in a condensed form, of two sucli 
experiments. A brief analysis of the results obtained from twenty-two 
experiments in which the temperature was the variable factor showed the 
olio wing: 



Fig. 1. Fig. 2. 


Fig. 1. Effects of fall of temperature on blood-pivssure, 
heart rate and web circulation. 

Fig. 2. Effects of rise of temperature on blood-pressure, 
heart rate and web circulation. 

1. Confirmatory to the results obtained by Taylor [1930], the rela¬ 
tionship between temperature and heart rate was found to be a defi¬ 
nitely linear one, except at high temperature (25'’ C. and upwards). 

2. The blood-pressure readings were variable both at constant 
and at changing temperatures, and there was difficulty in establishing 
any definite relationship between temperature and blood-pressure. Over 
prolonged periods, however, cold tended to arrest or recover a falling 
blood-pressure, whereas heat accelerated a fall. Further investigation of 
this relationship is at present being made, making use of a subsequent 
improvement of technique. 
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3. The web circulation varied chiefly in rate of flow and in the 
number rather than in the calibre of active vessels. Under the conditions 
of these experiments the blood-pressure appeared to be a more important 
determining factor in control of the web circulation than the temperature. 



Fig. 3. Copper-box apparatus, with outlined position of frog. open lid; By base inset 
into cork; Cy inlet for water (under cork); />, communication between base and lid; 
E, outlet for water; F, cannula in aorta for blood-pressure; Gy thermometer; 
Hy syringe needle in lymph sac; J, web prepared tor microscope stage. 

Changes of temperature between 10 and 20'" C., unless accompanied by 
some gross change in the blood-pressure, produced very slight variations, 
if any. Between 20 and 25^^ C. the web circulation often appeared to be 
brisker and more open (using ‘'open” in reference to the number, not the 
calibre, of active vessels). Above 25° C. it became sluggish and closed 

3—2 
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(i.e. number of active vessels diminished), coinciding with the general 
failure of circulation due to the breakdown of the temperature and 
heart-rate relationship and the consequent fall of blood-pressure. Below 
10° C. a typical ‘'cold effect’’ was frequently observed. The web circula¬ 
tion was sluggish and the field closed, with marked congestion and pul¬ 
sation in the active vessels. This “cold effect” developed even when the 
blood-pressure was well maintained, and, unlike the circulatory failure 
produced at high temperatures, it was not a death change, but one from 
which the animal could be completely recovered by warmth. 

With the object of controlling the influence of temperature on the 
circulation more carefully, the experimental method was modified by the 
introduction into the apparatus of a copper box, wdthin which the frog 
was enclosed. Through the hollow base and lid of the box flowed a stream 
of water kept at constant temperature, or varied as required^ (Fig- ‘^)- 

The apparatus was tested by repeating the precjeding experinnmts, 
with confirmatory results. With this modification it was possible to 
demonstrate the maintenance of a steady temperature, blood-press un*, 
heart rate and web circulation over periods up to 1 ^ hours, and the 
method, therefore, sf*(‘nied suitable for use in the investigation of effects 
produced by drugs upon th(‘ circulation. 

Experimental work lu^on the eefec’^fs of vrugs . 

Control cj'pcriwenLs. The introduction of a syringe needh' into the 
lymph space of the thigh, during the course of an experiment, caused an 
immediate and marked rise in blood-pressure. This rise occuirred whether 
the frog struggled or not. A similar effect was produced by jerking the 
needle and so pulling on the skin during an injection, or by withdrawing 
the needle, or merely by stroking the frog’s skin. The syringe needle was, 
therefore, introduced into the lymph space of the thigh during the pre¬ 
paration of the frog, and remained in position throughout the experiment. 
With this precaution, the careful injection of ()'5 c.c. of saline, during the 
course of an experiment, produced only a slight and transitory rise in 
blood-pressure, easily distinguishable from a true drug effect. For ex- 
am})le, an injection of 0*5 c.c. of saline produced an immediate rise of 
15 mm. acj., whereas a subsequent injection into the same animal of 
0*5 c.c. of adrenaline solution, 1 ; 100,000, produced a rise in blood- 
pressure of 240 mm. aq. 

The web circulation, as described by Krogh [1921], was observed 

* We wish to express to Dr Jeanne Eder of Zurich our thanks for suggesting and super¬ 
intending the making of this apparatus. 
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to react to various local stimuli such as direct touch, or the removal of a 
wet pad. When the web was kept moist with water dropped from a 
pipette, however, no local reaction was observed. 

Method. In the subsequent series of experiments the same method as 
before was employed, with the modification of the copper-box apparatus. 
The precautions suggested by the control experiments were observed 
throughout. Drug solutions were injected in doses of 0*5 c.c. into the 
lymph space of the thigh. Observations of the blood-pressure, heart rate 
and condition of the web circulation were taken at frequent intervals, 
varying with the conditions of the experiment but averaging about five 
readings an hour. 

Histamine injections were tried in a few experiments, but the results 
obtained showed considerable variation. Calcium chloride injections 
produced unexpectedly little effect, compared with the markedly stimu¬ 
lating effect produced by the local application of calcium chloride solution 
to a sluggish web circulation. The study of these drugs was, therefore, 
temporarily abandoned, in favour of an investigation of the effects of 
temperature on two drugs, adrenaline and sodium nitrite, whose influence 
upon the vascular system is consistent and marked. The doses which were 
found convenient, and were used throughout with a few exceptions, were: 
adrenaline hydrochloride 0*5 c.c. of 1:10(),()()() sol.: sodium nitrite 0*5 c.c. 
of 2 p.c. sol. 


Kksults obtained with aduenaltne. 

Figs. 4 and 5 show characteristic results in experiments in wliich 
adrenaline was injected at low and high temperature. The following 
results were obtained from 18 such experiments, 4 at lO'^ C., 6 at 15° C. 
and 8 at 20° 0. (approx.). 

The blood-pressure was raised in every case by adrenaline, on an 
average by 45 p.c. The average time taken to reach maximum pressure 
was 35 min. at low, 10 min. at medium and 8 min. at high temperature; 
and the average duration of the blood-pressure effect was 2 hours at low, 
1 hour 30 min. at medium and 40 min. at high temperature. 

The heart rate was accelerated except in 3 cases, all at high tem¬ 
perature, in which the rate was slowed. 

The w e b c i r c u 1 a t i o n in fi cases (2 low, 1 medium, 3 high) began and 
ended brisk and open, but was temporarily less good during the adrenaline 
rise of blood-pressure, when the field became closed, the flow in the active 
vessels was slowed, and in some cases the calibre of the vessels was 
diminished. In 5 cases (1 low, 1 medium, 3 high) the web circulation 
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Fig. 4. F.ffects, at 10° C., of injection, at A, of adrenaline HCl 0-5 o.c., 
1:100,000, on blood'pressure, heart rate and web circulation. 



Fig. 5. Effects, at 20° C., of injection, at A,, repeated at A^, of adrenaline HCl 0- 
1:100,000, on blood-pressiire, heart rate and web circulation. 
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began less than good and in each case was improved by the injection of 
adrenaline. In 3 other cases the circulation began and remained good 
throughout, showing no closing during the rise in blood-pressure, which 
was, however, relatively slight in each case. The re^maining 4 cases cannot 
be classified, as various external factors interfered with the condition of 
the web circulation during the experiment. 

Discussion op adrenaline results. 

The percentage rise in lilood-pressure caused by adrenaline is similar 
at higli and low temperatures, but the rise develops and passes off more 
(juickly at 20 than at 10° (J. This difference (in rate but not in quality of 
the effect) may, therefon*, be related to a difference in rate of absorption 
of the drug at high and low temperatures, rather than to a modification 
ill the action of thi* drug itself. Evidence that the former explanation is 
tlu' more probable was obtaini'd from tli(‘ results of six experiments in 
which the frog’s vessels W(‘re perfused with adrenaline solution at 10 and 
20° (A Ihider tliese conditions the flifference in temperatures produced 
no detectable diff(‘r(‘nce in the action of the drug. 

The failun* of tin* tH*art to a(‘celerate with adrenaline as consistently at 
high as at lower tenipiu'atures does not necessarily indicate any modified 
a(*tion of tlu^ drug. Since the average heart rate is 20 beats per min. at 
10° (^, 40 at 15' and 00 at 20° C\, the possibility of transitory sym- 
jiathetic stimulation failing to produce acceleration seems greater at 20° 
than at 10° C\, even apart from the fact that the duration of the drug 
effect is shorter at the high temperature. 

The type of effect produced by adrenalimu)!! the web circulation seems 
to bear no direct relationship to th<‘ temperature, except that the effects 
whicJi d<‘velop during the rise of blood-pressure are more prolonged at 
low than at high temperatures. The web circulation is ultimately unim¬ 
paired or imjiroved by adnuialine, but the transitory closing of the field 
during the rise of blood-])ressure occurs sulficieiitly consistently (given an 
initially brisk and open cinuiLition and a good rise in blood-pressure) to 
be regardtHl as a characteristic of the drug. Adrenaline produces a similar 
but greatly exaggerated effect upon the web circulation when applied 
directly to the foot, as described by Oinuma [1924] and others. It 
^ would seem that the rapid initial rise in blood-pressure is brought about 
not only by arterial constriction and acceleration of the heart, but also in 
some cases by a temporary diminution in the number of active vessels in 
the peripheral circulation, the capillaries of the web acting independently 
of the arterial pressure, as described by Krogh [1922]. 
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Results obtained with sodium nitrite. 

Figs. 6 and 7 show characteristic results in experiments in which 
nitrite was injected at low and high temperatures. 

The following results were obtained from 14 such experiments, 6 at 
10® 0. and 8 at 20® V. (approx.). 



Fig. 6. Fjg. 7. 


Fig. 6 Effects, at approx. lO'^C., of injection, at A", of sodium nitrite 0-5 e.o., 2 p.c., on 
blood-pressure, heart rate and web circulation; showing breakdown of the heart rate 
and temperature rclatiorishij) with rise of temperature. 

Fig. 7. Effects, at 21 of injection, at of sodium nitrite 0 5c.c.. 2 p.c., on blood- 
pressure, beait rate and web ciieulatiou; showing failure to arrest those effects by 
cooling. 


The blood-pres sure was lowered in every case by nitrite, but the 
fall was relatively slighter and slower at low temperature. The pressure 
fell on an average by 30 p.c. in 15 min. at 20® C.; and by 10 p.c. in 15 min., 
by 29 p.c. in 1 hour, at 10® C. 

The heart rate at 20® C. was slowed by nitrite in 7 cases (in 3 of 
wliich there was a preliminary slight rise), and slightly accelerated in 1 case. 
At 10® C. it accelerated in 4 cases and slowed in 2. In 4 cases at 20® C. 
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and 3 at 10° C. there was a late exaggerated fall in heart rate, associated 
with failure of the heart. In these cases the heart frequently became 
dissociated before arrest in diastole. 

Upon the web circulation typical effects were produced by nitrite, 
slow flow, closed field, congestion and marked pulsation in active vessels 
leading to an oscillating movement of the corpuscles and ultimate arrest 
of circulation. These changes were produced, to a varying degree, in every 



Fig. 8. Effort upon a dovoloping nitrite art ion (injected 1 hour before the commencement 
of tracing) of cooling and of injection, at .4, of adrenaline; and the subsequent effect 
of repeated nitrite, at X. 

cast*. In some cases increase in the calibri* of the vessels was observed, 
and a condition described as ‘'vessels well delineated” was frequently 
noted. At 20° C. the arrest of circulation occurred in average time of 
40 min.; at lO"" C., 1 Jiour 15 min. At low temperatures the web circula¬ 
tion already tended, in some cases, to be slow, closed and congested, with 
visible pulsation. The effect- of nitrite was tlius masked by the '‘cold 
effect” and changes in wel) circulation appeared slighter at low than at 
high temperatures. The ‘‘cold -f nitrite effect,” however, unlike the 
“cold effect,*’ was an irreversible change, which ultimately produced 
arrest of the circulation in every case. 
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Slight temporary improvement of the circulatory conditions was pro¬ 
duced in 1 case out of 3 where high temperature was lowered, and in 1 
case out of 3 where low temperature w^as raised, during a developing 
nitrite action. Injection of adrenaline during a developing nitrite action, 
at 20° C., produced in one case no effect; in a S(‘cond a temporary im¬ 
provement; and ill a third case, when cooling accompanied the injection 
of adrenaline, a well-marked recovery (Fig. 8). Repetition of the nitrite 
injection caused subsequent rapid failure of the circulation in the two 
latter cases. Injection of adrenaline during a developing nitrite action at 
10° C. produced in 4 cases a temporary improvement, but the typical 
nitrite effect supervened in each case. 

DlSCa^SSION OF NITRITE RESULTS. 

The percentage fall in blood-pressure caused by nitrite is greater at 
high than at low temperature and the effect develops more quickly. This 
difference may be related to a difference in rate of absorption, or to a 
modification of the drug action itself. As in the case of adrenaline, the 
former explanation seems the more probable. In six experiments in which 
the frog’s vessels were perfused with nitrite solution, at 10 and 20° t\, 
tlie difference in temperature produced no detectable difference in tin* 
action of the drug. 

The tendency of nitrite to slow the heart at 20°(^, whereas it produce's 
inconsistent effects at 10° (\, may be related to the more rapid devedop- 
ment of the drug effect a-t high temperature, and also to the facit that tlie 
heart is already slowed at low temperature. The average lieart rate at 
onset, in this series, is 27 beats per min. at 10° and 54 at 20° C, Tlie 
slowing appears to be associated with actual failure of the lieart itself, 
although perfusion of nitrite solution, of comparable strength, dirc^ctly 
through the heart, produ(*.es very litth^ effect. With the circulation intact, 
a possible cause of injury to the heart may be the formation of methie- 
moglobin and other compounds by the action of nitrite on the haomo- 
globiii, as described by II a 1 d a n e, M akg i 11 and M a v r o g o r cl a t o [ 1890]. 
The blood from a heart arrested by nitrite gave a metlnemoglobin 
spectrum. 

The characteristic effect produced by nitrite on the web circulation 
has been already described. Direct application of nitrite solution to tlie 
web produces similar congestion and pulsation in the larger vessels. The 
change in the web circulation is more marked, however, when the nitrite 
is in the circulation, as the effects secondary to heart failure and fall of 
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blood-pressure are added to the direct effect of nitrite on the web vessels. 
At both high and low temperature nitrite, under these conditions, causes 
an injurious effect upon the circulation, which it is very difficult to modify; 
and, though the onset of the fatal termination is more rapid at high tem¬ 
perature, it is ultimately just as inevitable at low temperature. 

Summary. 

1. Preliminary experiments upon the influence of temperature on the 
blood-pressure, heart rate and web circulation of the frog, when working 
with the intact circulation, are reported. 

2. An experimental method of maintaining these factors constant, 
over ])eriods suitable for the investigation of drug effects, is described. 

3. The characteristics effects of adrenaline and of sodium nitrite upon 
the web circulation, at high and low temperatures, are described, and 
their relationship to the other cinmlatory factors is discussed, 

4. It is sugg(\sted that the differences in these effects at high and low 
temperatures are due to a difference in the rate of absorption of the drug. 
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NOTE ON THE EFFECT OF AGE ON THE RESPONSE 
OF IMMATURE MICE TO URINE OF PREGNANCY* 

By MARGARET HILL {Keddey Fletcher-Warr Student), 

(From the Department of Physiology and Biochemistry^ 
University College^ London,) 

I. Introduction. 

Smith and Engle [1927] pointed out that the number of implantations 
of anterior pituitary substance necessary to induce sexual maturity in 
immature mice is inversely proportional to their'age. Thus three daily 
implantations were required to produce maturity in 17-day-old mice, 
while five daily implantations were required in le5-day-old mice. 

In testing gonad-stimulating hormones the only criterion generally 
observed is that the animal used is immature; there is no agreement 
amongst workers as to the age or weight of the immature animal em¬ 
ployed. Thus Zondek and Aschheim [1927] used 6-8 g. mice corre¬ 
sponding to an age of 3-4 weeks. Engle [1929] used mice 18-20 days old, 
Wiesner and Marshall [1931] mice 3-4 weeks old with weights which 
varied between 8*5 and 15 g., and Evans and Simpson [1929] mice 
24-25 days old. The fact that these and other workers have all used mice 
of varying age and weight may possibly explain some, at least, of the 
differences in the effects produced in the immature ovary by anterior 
pituitary hormones. 

The present work was undertaken in order to determine more pre¬ 
cisely the effect of the age of the animal on the sequence of events pro¬ 
duced in the ovary by the gonad-stimulating hormones, especially with 
reference to normal ovulation and the formation of corpora lutea vera. 

II. Tp:chniquk. 

Injections, For these experiments two series of immature mice were 
used; one series (LAP) being 21 days old, and the other (E AP) 14 days 
old at the first injection. The mice were injected subcutaneously with 
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0-1 c.c. of urine of pregnancy for a varying number of days and killed 
on the day following the last injection. 

The urine of pregnancy used for the injections was collected from 
University College Hospital each day and all the experiments were done 
at the same time, except for two groups of mice in the EAP series, 
receiving six and seven injections respectively, which were injected at a 
later date. Owing to the difficulty of preserving the urine in good con¬ 
dition for any length of time, a fresh sample of urine was used every day, 
and it is thus unlikely that the results in these two groups show any dis¬ 
crepancy due to being done at a different time. 

Histological methods. The ovaries were fixed in Bouin’s fluid as soon 
as they were removed from the animal, serially sectioned at 7/x, and 
stained with Meyer's ha3m-aluni and eosin. 

As an expression of the size of the maturing follicles and corpora lutea 
present in the ovaries, the maximum dimensions of each structure were 
measured in two directions at right angles, and the average was taken as 
the mean diameter. In order to have some means of comparing different 
animals, it was necessary to arrive at a value in terms of maturing fol¬ 
licles and corpora lutea for each pair of ovaries. For this purpose the 
average size of the largest normal follicles above resting size and of the 
largest corpora lutea, up to four in number, v\as determined for each 
animal. Wliere there were less than four normal follicles or corpora lutea, 
the number from which the average was taken is noted in brackets in 
Table I. 


III. Effect of aor ox ov.\riax respoxse. 

Th(* results of the experiments are summarized in Table I. Col. 1 
shows the number of injections. It will be seen that for each period of 
injection several animals were killed. The measurements of the maturing 
follicles and corpora lutea are given in cols. 3, 5, 8 and 10. The averages 
of these figures for (*ach group of animals relating to one period of in¬ 
jection are shown in cols. 4, G, 9 and 11 and are plotted against the 
number of injections in Fig. 1. 

Growth of the follicles and ovulation. In Fig. 1 the curves a and 6 show 
the growth of the follicles in the 21-day-old mouse and in the 14-day-old 
mouse respectively. In the 21-day-old mouse the growth of the follicles 
is rapid and reaches its maximum after four injections. In the 14-day-old 
mouse the growth is slower, as shown by the more gradual slope of curve 
6. In the younger animals the follicles, even when apparently mature, do 
not attain the size of those of the older series of mice. Ovulation takes 
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Table 1. 


(1) 

No. of 
daily 
iniec- 
iions 
2 


(2) (3) 

KAPNo. Avoraj^c 

J ri) oc ti on s diain e ter 

bc'^un at of follieles for 
14 days each amiiial (ft) 


( 4 ) 

Av€‘rage 
diameter of 
folIioleH for 
group (p) 


(5) (0) 

Average diameter Average 
of corpora lutea diameter of 
for each animal corpora lutea 
(^) for group (/i) 


3 9 21)7 (1) 

10 None 297 

11 


None 

t* 


4 

() 

285 (3) 





7 

355 

327 

»» 

— 


8 

342 (1) 


>* 


5 

4 

391 


»» 



5 

393 (3) 

392 


— 

6 

93 

405 (1) 


306 (1) 



94 

393 (3) 

398 

450 (1) 

414 


95 

396 (1) 


486 (1) 


7 

99 

429 (3) 


441 (2) 



97 

477 

437 

405 (1) 

414 


98 

405 (1) 


396 


(1) 

(7) 

(8) 

(9) 

(10) 

(H) 

No. of 

LAP No. 

Average 

Average 

Average* diameter 

Average 

daily 

Injections 

diameter 

diameter of 

of corjiora lutea 

diameter of 

injec¬ 

begun at 

of follicles for 

follicles for 

for each animal 

corpora lutea 

tions 

21 days 

each animal (/x) 

group (p) 


for group (p) 

2 

7 

267 

267 

None 

— 

3 

3 

333 (2) 


99 



5 

360 (1) 

423 

9 9 



4 

522(1) 


,, 



6 

479 


99 


4 

1 

495 


403 

403 


2 

None 


None 


5 

8 

506 


533 



9 

459 (2) 


508 



10 

495 (2) 

457 

535 

514 


11 

355 (2) 


522 



12 

471 (3) 


475 


6 

14 

342 (2) 


481 



15 

364 (2) 


542 



16 

391 (2) 

365 

502 

505 


17 

1 cystic 


463 



18 

9f 


537 


7 

— 

— 

— 

— 

— 


place in the 21-(lay-old mouse after four injections, coincident with the 
maximum size of tlK^ mature follicle. In the 14-day-old mouse ovulation 
first occurs after six injections, even though at this time the follicles still 
appear to be growing and have not yet reached the size necessary for 
ovulation in the normal animal. 

Size of corpora lutea. The corpora lutea formed after ovulation in the 
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21-day-old mouse appear perfectly normal, and their average size when 
first observed (400/x) compares well with that found by Deanesly [1930J 
for the young corpora lutea of the normal mouse. The development of the 
corpora lutea in the 21-day-old series is shown by curve c on the graph. 
As the corpora lutea develop there is a decided falling off in the size of the 



Fig. 1, Appearance ami growth of the Graafian follicles and corpora lutea in the immature 
mouse following injection of urine of pregnancy, 

growing follicles. In the 14-day old mouse tlie corpora lutea also appear 
normal and average about 400/x in size at their first appearance. How¬ 
ever, it seems unlikely that the corpora lutea produced with further in¬ 
jections in this series would equal the maximum size of those of the 
21-day-old series of mice. 

Differences in the total effect. The age of tlie animal influences not only 
the maximum size of the follicles and corpora lutea but also the number 
of these structures actually developed. Thus, the total effect of the in- 
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jections appears to be greater in the mice of the 21-day-old series (LAP) 
than in those of the 14-day-old series (EAP). Though ovulation does 
occur in both the LAP and EAP series of mice after four and six 
injections respectively, it occurs more freely in the LAP series. The 
ovaries from this older series of mice contain therefore many normal 
corpora lutea, with few maturing follicles, whereas the ovaries from the 
younger series contain a number of maturing follicles and comparatively 
few normal corpora lutea, the luteinization here taking the form of corpora 
lutea atretica rather than of normal corpora lutea. The corpora lutea 
atretica in the 14-day-old series of mice first appear after six injections. 
They are also to be seen in the 21-day-old series after five injections but 
are not very numerous. In general, the dift’erence between the two series 
of ovaries is similar to that found between groups of mice of the same age 
receiving different doses of urine. It is evident, therefore, that accurate 
standardization of the age is essential in the use of the immature animal 
for the assay of the ovary-stimulating substances, especially when a 
separation is being attempted. For this purpose, the older animal (21 
days) appears to be the more satisfactory test animal, in that it gives a 
better defined result than the younger animal. 

IV. Summary. 

Twenty-one-day-old mice ovulate after four daily injections of 0*1 c.c. 
urine of pregnancy (human), whereas 14-day-old mice require six in¬ 
jections. Careful standardization of the age is therefore necessary in the 
use of such animals for the assay of the ovary-stimulating substances. 

i wish to express my thanks to Ur A. S. Parkes for help and advice 
during the course of this work. 
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FURTHER OBSERVATIONS ON THE EFFECTS OF 
SOME COMPONENT OF CRUDE LECITHINE 
ON DEPANCREATIZED ANIMALS. 

By C. H. BEST and J. M. HERSHEY. 

(Department of Physiology^ University of Toronto.) 

In two previous communications from tins laboratory [Hershey, 1930 ; 
Hershey and So skin, 1931 ] the remarkable efliects of crude egg yolk 
lecithine upon the symptoms and signs exhibited by depancreatized dogs 
imder certain conditions have been discussed. Since the depancreatized 
animals have been kept from 3 to 11 months before the typical con¬ 
dition which we believe is largely attributable to failure of liver function 
developed, the progress of the research has necessarily been very slow. 
During the past three years, however, we have had the opportunity of 
confirming and extending the experimental results previously reported. 


Methods. 

The general procedures used in studying the diabetic animals have 
been the same as those discussed in previous communications. These 
animals need a great deal of care and attention, and the results of the 
chemical determinations on samples of blood or urine would be of little 
value if they were not considered with reference to the history and general 
condition of each animal at the time the determinations were made. To 
save space, a detailed report of these matters will not be included here. 
After the complete removal of the pancreas each animal was placed upon 
a diet of 300 g. of lean beef muscle and 100 g. of sucrose daily. This was 
the diet received by all the animals mentioned in Table I during the ex¬ 
perimental periods which will be under discussion. The entire ration was 
in all cases completely consumed. The dose of insulin, which was ad¬ 
ministered subcutaneously twice a day, was adjusted in each animal attex 
pancreatectomy to permit a slight or moderate glucosuiia. The insulin 
dosage was usually constant throughout each experiment, and the ex- 
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ceptions to this noted below are considered separately. Blood sugar, 
urinary sugar and urinary nitrogen were determined by the Shaffer- 
Hartmann, Bertrand and Kjcldahl methods respectively. 

Experimental results. 

The actual figures which it is necessary to report are presented in 
Table I. The results which these figures help to illustrate may be dis¬ 
cussed under several headings. 


Table 1. 





Daily 

Daily 




av(*rage of 

average of 



Materialh added to lean 

sugar ex¬ 

nitrogen ex¬ 

Dog No, 

iJiites 

meat and sugar diet 

cretion (g.) 

cretion (g.) 

10 

(Drpancreatizcd October, 1929) 




1-4. XI. 29 


4 .7 

— 


9. X1.-2. xii. 29 

Lecithine 

15-2 

— 


:{-0. xii. 29 


12 4 

50 


7-19. XU. 29 


5 5 

5*3 


8 -22.11. 30 

Leei thine 

2 4 

0-2 


Dog killed Eeb. 

25, Liver fat 2 5 p.c., iodine No. 125. 


11 

(Depiiijcreatized Ma>, 

1930) 




20.1-12.11.31 

Vitamiiih A, B, D 

L2 

81 




(High 1-9) 



17.11-8. 111. 31 

Lt'cithine 

5 0 

0 4 




(High 134) 


15 

(iJepaiicreatized Mure 

h, 1929) 




14-20. XU. 29 


31 

5*3 


31. XU. 29-4. i. 30 


2 2 

4-5 


7-20. i. 30 

Lecithine 

17 0 

5 0 


11-21.11.30 


4'3 

5-0 


23-30. XI. 30 

Suet 

M 

— 


30. i-3. ii. 31 

Suet and lecithine 

40 

-- 

10 

(Oepancrealized Febiiuiry, 1930) 




14. xi-l. XU. 30 


14 5 

— 


30. XU. 30-8. 1. 31 

Vitamins and suet 

4 3 

— 


10-24.1. 31 

Lecitliine and suet 

10*5 

— 


27 31. i. 31 

Suet 

1-3 

— 


7 -21.ii. 31 

Lecitluno and .suet 

7 0 

— 


1-25. 111. 31 

Suet 

10 

— 

17 

(Depan creatized Deue 

mber, 1930) 




31.1. -12.11. 31 


40 

5*9 


13-23.11. 3J 

Lecithine 

9-2 

— 


24.11.-21.111.31 

Lecithine and .suet 

15 4 

0*4 

T/ic 

('Jfi'Cts of lecithine on 

the general condition of the animals. The most 

interesting aspect of the effect of lecithine is 

probably the relief of a 


condition which in many instances borders upon a moribund state. It 
requires considerable experience to recognize this condition in its early 
stages, since the animals may only exhibit slight weakness and, in some 
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cases, jaundice. Liver function tests have not as yet been conducted. 
Later the weakness may be very marked, but it is not expedient to permit 
the development of this stage of the condition if it is desired to demon¬ 
strate the recovery of the animals when lecithine is provided. The falling 
ofE of the sugar excretion is the most valuable sign. Within a few days 
after lecithine is given the animals usually appear definitely stronger and 
brighter. These effects were observed in all the animals referred to in 
Table 1. Several of the depancreatized animals which we have studied in 
this investigation have lived for very long periods after complete pan¬ 
createctomy. The longest record is that of dog No. 15, which lived for 
more than 2^ years after the removal of its pancreas. On numerous 
occasions its condition was critical, but the addition of lecithine to the 
diet restored it apparently to normal health. The terminal illness was not 
associated with any signs of failure of liver function. 

The effect on sugar excretion. It usually happens that the sugar ex¬ 
cretion of the depancreatized animal after the first week or 10 days 
following the operation reaches a fairly constant level, which may be 
maintained with minor fiuctuations for several months. During this 
time the animal is usually in very good health. When the characteristic 
condition which is associated with fatty infiltration and degeneration of 
the liver ajipears, the animals become weaker, bile pigments may appear 
ill the urine, and the sugar excretion may be greatly diminished. It is 
sometimes nc^cessary to d(‘crease the dose of insulin to avoid fatal hypo- 
glycajmia from a dose which previously permitted gluc.osuria. We have 
not included any figures in Table 1 for periods in which the insulin dosage 
had to be decreased, Jn all the animals referred to in this table there is 
convincing evidence that some component of the crude egg yolk lecithine 
added to their diet produces a very definite increase in the sugar ex¬ 
cretion. This increase in sugar excretion is not accompanied by any very 
definite cdiange in urinary nitrogen. Although we do not intend to discuss 
at length the bearing of these results on the vexed question of sugar pro¬ 
duction from fat, it is very diflicult to account for the production of the 
great excess of sugar excreted in some cases diuing the period of lecithine 
feeding by any other mechanism. For example, in the experiment on 
dog No. 15, the average daily sugar excretion before the administration 
of lecithine was not over 3 g., while during the lecithine period of 13 days 
the average excretion was 17 g. It is very difficult to believe that the 
carbohydrate reserves have provided this excess sugar. From experi¬ 
ments on other depancreatized animals we have reason to believe that 
the liver and muscle glycogen are quite as high or higher during the 

4—2 
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lecithine period as during, the time when the sugar excretion is lower and 
the animals are suffering from other symptoms which are probably also 
attributable to disturbed liver function. The figures for nitrogen excretion 
indicate that little or none of this excess sugar is derived from protein. 
The question arises as to whether or not 10 g. of lecithine, which was the 
amount administered each day to these animals, could be the source from 
which the extra sugar is formed. If lecithine could be converted into 
dextrose in the animal body it is obvious that a large part of the excess 
sugar might be provided by the amount of phospholipine available. 
While further studies, in which a different plan of attack will be necessary, 
are required to answer these questions, the findings mentioned in the 
next section may furnish a clue. Unless the state of the carbohydrate 
reserves of the individual animal is accurately known it is obvious that 
experiments of the type reported here cannot provide unassailable 
evidence for sugar production from fat. 

Failure of lecithine to increase sugar excretion. On only two occasions 
during the last three years have we encountered conditions in which 
lecithine failed to increase the sugar excretion of animals which were in a 
condition that previous experience led us to expect would be suitabh* for 
this demonstration. One case is referred to in the experiment on dog 
No. JO. The first time lecithine was administered to this animal a very 
definite increase in sugar excretion resulted. Later, however (February 
8-22), 10 g. of lecithine daily failed to raise the sugar excretion. The 
animal was in good condition, and was sacrificed on February 25. The 
liver contained 2*5 p.c. fatty acid, w'hich had an iodine number of 125. 
These values, and the general appearance of the liver, are typical of the 
lecithine livers. It is 2 )ossible that the sugar excretion was not increased 
because there had been insufiicient opportunity, previous to the second 
administration of lecithine, for the production of those changes which 
are responsible for the accumulation of fat in the liver. 

The ejects of vitamins. Fairly satisfactory evidence has been obtained 
in this series of experiments that the effect of lecithine is not due to the 
presence of vitamins. Some experiments, indicating that vitamins A and 
C are not present in the preparations of lecithine we have used, have been 
reported previously. In the experiments on dog No. 11 adequate amounts 
of vitamins A, B, C and U in concentrated form were provided during a 
period when the animal continued to excrete very little sugar. A definite 
rise in sugar excretion occurred subsequently, however, when lecithine 
was provided. The vitamins were also administered to dog No. 16 
without any trace of the lecithine effect being observed. 
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Acceleration of the onset of the characteristic condition by fat feeding. In 
the experimental results secured from the observations made on dogs 15, 
16 and 17, convincing evidence is provided that the onset of the condition 
characterized by lowered sugar excretion can be accelerated by the 
feeding of fat. Beef suet, approximately 10 g. daily, was usually effective 
within a few weeks in producing the desired condition. Great care must 
be exercised, however, in feeding this material, as some dogs are unable 
to tolerate more than very small amounts at first. Some refuse to eat 
sufficient fat to produce the required effect. The results of one experiment 
also suggest that when beef suet and lecitliiiie are administered together, 
the sugar excretion is increased to a greater extent than when lecithine 
alone is given (dog No. 17). Further work is, of course, necessary to 
establish the significance of this result. The amounts of lecithine and suet 
])rovided are of course kept constant throughout any one experiment. 
These experimental results do furnish evidence, however, that a con¬ 
dition which appears to be very similar to that observed after prolonged 
periods in depancreatized animals kept on a sugar and lean meat diet, 
can be produced much more quickly by the addition of fairly saturated 
fats to the diet. 

The effect' of fat feeding in diabetic animals. The very definite decrease 
in sugar excretion produced by adding large amounts of saturated fats 
to the diet is well illustrated in the experiments on dogs 15 and 16 
(Table I). In certain experiments where fat was fed the fasting blood 
sugar level became so low and the sugar excretion diminished to such an 
extent that the dose of insulin had to be decreased. None of these results 
is included in the table. The diet of certain of these animals was changed 
slightly and w'e were able to show that fat feeding may affect a completely 
de|)ancreatized animal in such a way that it is able to tolerate a diet of 
fairly high caloric; value without exhibiting glucosuria or hyperglycsemia 
when no insulin is administered for fairly long periods. One result of this 
kind is summarized in the following protocol. 


Dog No. 11, weight 4 0 kg. This depancreatized animal had been excreting varying 
amounts of sugar on a daily diet of IKK) g. of lean meat and 80 g. of sucrose (insulin 10 units). 
The excretion was approximately 1 g. per day. When fat was added to the diet the sugar 
output was dejfinitely less and dangerous levels of hypoglycsomia were sometimes observed. 
On June 4, the diet was changed to the following: 300g. lean meat, 20g. beef dripping 
(iodine number about 40). No insulin was given. For the next 3 weeks the sugar excreted 
was less than i g. a day. On many days only a trace of sugar was present. From June 25 
to July 17, lecithine was added to the lean meat and fat diet, but in this instance (the second 
that we have observed) no increased sugar excretion was produced. That is, for 6 weeks the 
animal received no insulin. Fasting blood sugars determined on several occasions during 
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the 6 weeks showed values within the range found in normal dogs. During all but the last 
few days of this 6 weeks’ period, when the animal suddenly became weak, it was apparently 
in excellent condition. No trace of pancreas was found at autopsy. 

We suggest that the explanation of these results is that the fat feeding 
produces changes in the liver which inhibit gluconeogenesis in this organ 
to such an extent that the blood sugar is only slightly raised above the 
normal level, and very little sugar appears in the urine. These animals 
are apt to die very suddenly, however, and the livers are then found to 
be very friable and to contain large amounts of saturated fatty acids. A 
possible application of these results to treatment of diabetics in clinics 
where large amounts of saturated fats are permitted is obvious. It is 
possible to improve the “chemistry'’ of the diabetic organism without 
improving the clinical condition. It is remarkable, however, that de- 
pancreatized dogs without insulin may apj)ear perfectly bright and normal 
for a month or longer, or without hyperglyctemia and glucosiiria before 
they succumb to the effects of the liver damage. Since a series of depau- 
creatized animals are at present under observation in an attempt to gain 
more information on these points, further discussion of this aspect of the 
subject can be reserved for a subsequent communication. 

Histological studies. Specimens of the livers from animals which de¬ 
veloped the characteristic condition without fat feeding, or livers from 
animals which have been fed large amounts of saturated fat, may show 
fatty degeneration as well as infiltration. The livers of the animals which 
had received lecithine are free from detectable fatty degeneration. A 
detailed account of these changes and those encountered in the normal 
animals referred to in the following papers will be given when ihe 
histological work is completed. 


Summary. 

The alleviation of a critical condition, characterized by signs of failure 
of liver function, by the addition of lecithine to the diet of depan- 
creatized animals has been repeatedly demonstrated. These results con¬ 
firm ])Tevious observations from this laboratory. Very satisfactory 
evidence has been obtained that the sugar excretion of those animals 
which developed the characteristic condition is greatly increased by the 
administration of lecithine. The source of this extra sugar has been briefly 
discussed. The action of the lecithine is not due to the presence of 
vitamins A, B, C or D. A condition similar to that which occurs spon¬ 
taneously in animals kept on a lean meat and sugar diet can be produced 
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in a relatively short time by the addition of fairly saturated fats to the 
diet. The results of the studies on normal animals bear so directly on the 
questions raised by this one that a detailed discussion of the action of 
lecithine in diabetic animals will be reserved until certain experiments 
suggested by the recent findings have been completed. 


The expenses of this research have been larj^ely met from a grant made by the Banting 
Research Foundation to one of us (J.M.H.). 
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THE EFFECT OF LECITHINE ON FAT 
DEPOSITION IN THE LIVER 
OF THE NORMAL RAT. 

By C. H. best, J. M. HERSHEY 
AND M. ELINOR HUNTSMAN. 

{Frow the Department of Physiology^ University of Toronto,) 

The very interesting effects of some component of crude lecithine upon 
the condition of diabetic animals have been discussed in previous com¬ 
munications from this laboratory [Hershey, 1930; Hers hey and 
Soskin, 1931; Best and Hershey, 1932]. The symptoms exhibited by 
these animals and the autopsy findings indicate that the characteristic 
condition is largely attributable to failure of liver function. The results 
of these studies suggested that an investigation of the effect of lecithine 
on deposition of fat in the livers of normal animals might be profitable. 
The literature relevant to this subject has been reviewed in the mono¬ 
graphs by Leathes and Raper [1925] and by MacLean and Mac Lean 
[1927], As far as we laiow, the particular problem in which we are in¬ 
terested has not been investigated by previous workers. The experiments 
were planned with a view to obtaining deposition of large amounts of 
fat in the livers of a group of control animals. This was accomplished by 
feeding a diet high in fairly saturated fats. A second group of animals 
comparable in every way, as far as we could determine, with the controls, 
received the same amount of fat as those in the control group and in 
addition varying amounts of crude or purified lecithine. The results 
demonstrate, among other points, that crude and purified lecithine in¬ 
fluence the accumulation of fat in the livers of the test group of animals. 

Methods. 

White rats of the Wistar strain, weighing between 150 and 230 g., 
were used as test animals. Previous to the experiment they had been 
receiving a stock diet which was adequate in all respects. All the animals 
used in the experiment were apparently healthy, and great care was 
taken to ensure that the various groups into which they were divided for 
any one experiment were as similar as possible. Much time was wasted 
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in preliminary experiments in which attempts were made to use groups 
of animals in one cage, but this procedure was not found to be feasible. 
In all the experiments reported in this paper individual cages were used, 
and notes on the condition of each animal were made throughout the 
experiment. Every animal in any experiment ate approximately the same 
amount of the stock diet, which has the following composition; 32*5 p.c. 
of each of the following—whole cracked wheat, rolled oats and com 
meal, and 2-5 p.c. of bone meal. The amounts of fat and of the lecithine 
under test are given in each of the tables or summaries. In all cases the 
fat was provided in the form of beef dripping, which has an iodine number 
of approximately 40. The food was prepared daily. The dripping was 
melted and added to the stock diet. The mixture was then heated in a 
boiling water bath for 2 hours, with intermittent stirring. The stirring was 
continued during the subsequent cooling to ensure the equal distribution 
of the added fat. The lecithine was thoroughly mixed with the other food 
by prolonged grinding. The diet for each rat was carefully weighed each 
day, and in cases where food was left in the cage at the end of 24 hours 
the amount was determined by weighing. The food trays were designed so 
that there was little or no food spilled, and the construction of the cages 
made it possible to recover any spilled food without difficulty. Fat 
estimations on the food residue showed that the fat had been thoroughly 
mixed with the other constituents. At the end of the experiment the 
animals were stunned and decapitated. The animals were not fed on the 
day on which they were killed. Blood samples were collected from the 
severed carotid arteries. The livers were removed as soon a^s the animals 
’were dead, and the content of fatty acid determined by the Leathes 
and Rapcr modification of Liebermann’s saponification method. The 
iodine number of the fatty acid of the liver was determined by Wijs’ 
procedure, as outlined by Leathes and Raper, The phospholipines of 
the liver and blood were calculated from the phosphate content as deter¬ 
mined on the alcohol-ether soluble portion by the Briggs' modification 
[1922] of the Bell-Doisy method. Glycogen was estimated by the 
Pflliger technique. 

Experimental results. 

Egg yolk lecithine. In the first experiment ten rats were used in each 
of the two groups. The details of the experiments and the results are shown 
in Tables I and II. The egg yolk lecithine used in these experiments 
was secured from a commercial firm and was prepared from dried egg 
yolk, after removal of the fats with benzene, by alcoholic extraction of 
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Table I. Fat diet. Stock diet with fat added (fat 40 p.c. of total food). 



Length 
oi ex¬ 

Total 

fat 

Fat 

eaten 

VVt. of rat 

Wt. of rat 

Wt. of 

Fatty acids 

Rat 

periment 

eaten 

daily 

before 

after 

liver 

in liver 

No. 

(days) 

(g.) 

(g.) 

(g.) 

(g.) 

(g.) 

(p.c.) 

1 

30 

99 

2-8 

170 

188 

7-77 

20-50 

2 

30 

95 

2 0 

154 

107 

502 

5-88 

3 

35 

91 

20 

152 

100 

4-71 

4-20 

4 

30 

94 

2-6 

178 

175 

5-58 

4-05 

5 

.35 

97 

2-8 

155 

107 

4-42 

5-52 

V) 

30 

94 

20 

135 

144 

4-78 

5-12 

7 

38 

JOO 

20 

121 

135 

4-51 

3-07 

8 

38 

JOO 

20 

150 

144 

.5*22 

0-87 

y 

38 

100 

20 

149 

152 

0-44 

11-30 


Average = 7‘36 


Table 11. Fat diet Avith crude egg lecithine. Stock diet with fat (fat 40 p.o. of 
stock diet and fat ration) and with lecithiiic. 



Length 

Total 

Fat 

\^'t. of 


of ex¬ 

fat 

eaten 

rat 

Rat 

periment 

eaten 

daily 

before 

No. 

(days) 

(g-) 

(g-) 

(gd 

11 

35 

102 

2 9 

181 

12 

30 

89 

2-5 

149 

13 

3r> 

90 

2 5 

102 

14 

38 

103 

2-7 

193 

15 

38 

9.3 

2-4 

154 

1 () 

35 

90 

2-7 

190 

17 

35 

91 

2-0 

144 

18 

38 

90 

2-5 

140 

19 

38 

99 

2-0 

170 

20 

38 

108 

3-1 

185 


Wt. of 
rat 

Lecithine 

Wt. ol 

Fatty 
acids in 

after 

daily 

liver 

liver 

(g.) 

(g-) 

(g-) 

(p.c.) 

185 

1-4 

7-32 

3-20 

150 

1-2 

4.57 

.3-78 

157 

1-2 

0-.3.3 

3 38 

189 

1-3 

7-.34 

3 09 

148 

1-2 

() 80 

3 29 

182 

1-3 

7-01 

3 .30 

135 

1-3 

0 .37 

.3 75 

147 

1-2 

5 48 

.3-12 

170 

1-3 

0 59 

3-97 

192 

1 5 

0 85 

.3 .50 



Av erag (5 

^-3 38 


the phospholi])ines and sul)sequent removal of the alcohol in vacuo. The 
results of the experiments in which this material was used appear to 
demonstrate in a convincing manner that some component of lecithine 
modifies the deposition of fat in the livers of the test animals. The figures 
also illustrate the very important fact that there is a tremendous varia¬ 
tion in the deposition of fat in the livers of different members of a group 
of animals, each of which is receiving approximately the same amount 
of fat in the diet. 

In most of the experiments all the rats (ionsumed a satisfactory 
amount of fat. In certain cases, however, the quantity eaten by some of 
the test animals was not of the same order as that ingested by the con¬ 
trols. The figures for these animals have not been included in the results. 

The effects of smaller amtounts of lecithine. To study the effects on fatty 
acids of the liver when small amounts of lecithine were provided, a group 
of thirty white rats was used. The animals were divided into three groups 
of ten each, care being taken that the groups were as similar as possible. 
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Ten rats received ()‘15 g. of stock diet fat 3*5 g. (beef dripping, iodine number 40). 
Fat formed 40 p.c. of the total food. The experiments lasted 26 days. The average amount 
of fat taken daily was 3*4 g. The average weight of the rats at the beginning of the experi¬ 
ment was 190 g., and at the end 182 g. The percentage of fatty acids in the livers varied 
from 7-0 to 25*3 p.c. The average was 15'7 p.c. The iodine numbers varied from 78 to 108. 
The average was 95. One extraordinarily high iodine number was probably due to an error, 
and that result is not included in this average. 

In the second group all rats received the same amount of stock diet and fat, and in 
addition egg yolk Jecithino. The lecithine formed 9*4 p.c. of the total food. The average 
figure for the fat eaten daily was 2*97 g., while that for the lecithine was 0*85 g. The average 
weight of the rats at the beginning of the experiment was 191 g., and the average weight 
at the end was 177 g. The percentage of fatty acids in the liver varied from 3-3 to 5-1. The 
average was 3 7 p.c. The iodine number varied from 101 to 136, the average was 129. 

The diet for the third group was exactly the same as that of the second, except that 
lecithine formed 4-9 p.c. of the diet instead of 9*4 p.c. The average figure for the amount of 
food eaten tlaily was 3 12 g., while tin* average figui’e for the lecithine was 0-44 g. The 
average figun* for the weight at the beginning of the experiment was 191 g., and at the end 
187 g. The percentage* of fatt^Micid in the liver varied from 3 1 to 8*2 p.c. The average 
figure w as 4-0 p.c. The iodine numbers \aried Irom 83 to 107. The average figure was 98. 


These results appear to furnish evidence that as little as 0*44 g. of 
crude egg yolk lecithine daily is suHicient to prevent the deposition of 
large amounts of fat in the liver of a rat under the conditions of these 
experiments. It will be observed that the rats in the test groups in this 
series did not eat quite as much added fat as the controls. We have no 
hesitation in reporting these results, however, for the following reasons: 

(1) 111 many other exjieriments rats from the same colony have invariably 
shown as high an average fat content of the liver as the tost animals in 
this particular experiment. In these other experiments the controls have 
eaten even less fat than that taken by the test animals of this experiment. 

(2) The figures for the individual rats show that many of the animals did 
eat as much fat as the controls. (3) The test animals ate a certain amount 
of fatty mat(’rial in the crude lecithine, which can perhaps be placed to 
their ert'dit. (4) Furthermore, a study of the tables which contain the 
results of the dotermiuatiofis made on the control rats demonstrates the 
fact that the extent of the deposition of liver fat is not proportional to 
the amount of fat eaten when this amount varies between 2 and 3*5 g. 
per day. For example, in Table IX the rats which ate 2*3 g. of fat daily 
showed a much higher fat content than several which ate 2*5 g. 

The effects of purified lecithine. Crude egg yolk lecithine was purified 
by the cadmium chloride procedure of Levenc and Rolf [1927]. This 
fractionation was carried out by one of us (M. E. H.) in the Department of 
Biochemistry under the direction of Prof. H. D. Kay. The purified 
lecithine (iodine number 65) obtained was tested on a group of animals. 
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The results are shown in Tables III and IV, These results establish the 
fact that purified egg yolk lecithine exerts the same effect as that pro¬ 
duced by the crude material. 


Table Ill. Fat Stock diet with fat added (fat 40 p.c. of total food). 



Length 

Total 

Fat 

Wt. of 

Wt. of 

Fatty 



ol ex¬ 

fat 

eaten 

rat 

rat 

acids in 


Uat 

periment 

eaten 

daily 

before 

after 

liver 

Iodine 

No. 

(days) 

(g-) 

(g-) 

(g.) 

(g.) 

(p.c.) 

No. 

1 

22 

54 55 

2-48 

300 

253 

0 35 

105 

2 

22 

54-55 

2-48 

202 

174 

19-2 

100 

3 

22 

54-35 

2-47 

190 

194 

27-0 

— 

4 

22 

54-20 

2-40 

179 

171 

19-3 

97 

5 

22 

53-00 

2-43 

189 

172 

10 2 

102 

(5 

20 

48 00 

2-10 

180 

177 

20-5 

95 

7 

22 

54-00 

2-48 

177 

180 

15-9 

9(i 

8 

22 

52-90 

2-40 

109 

100 

28-2 

102 

9 

22 

54-10 

2-45 

102 

100 

12-5 

104 

10 

22 

53-80 

2-44 

150 

150 

17 2 

77 


Average =^18-3 


Table IV. Fat diet with purified lecitlune. Stock diet with fat 
(fat 40 p.c. of stock diet and fat ration) and with lecithine. 



Length 
of ex- 

Total 

fat 

Fat 

oaten 

Wt. of 
rat 

Wt. of 
rat 

Lecithine 

Fatty 
acids in 


Rat periment 

eaten 

daily 

before 

after 

daily 

liver 

Iodine 

No. 

(days) 

(g.) 

(g-) 

(g.) 

(g.) 

(g-) 

(p.c.) 

No, 

11 

22 

52-80 

2-40 

278 

257 

0-48 

3-49 

137 

12 

22 

53-00 

2-43 

203 

177 

0-49 

3-05 

107 

13 

22 

49-50 

2-35 

190 

150 

0-47 

7-4 

113 

14 

22 

52-30 

2-38 

180 

171 

0-48 

3-15 

117 

15 

22 

53-00 

2-41 

199 

180 

0-48 

3-98 

118 

10 

22 

40-90 

2-13 

184 

104 

0-43 

3-58 

124 

17 

22 

48-70 

2-22 

180 

100 

0-44 

3-74 

139 

18 

22 

52-80 

2-40 

170 

107 

0-48 

8-4 

70 

19 

22 

51-00 

2-:i4 

100 

155 

0-47 

4 05 

129 

20 

22 

53-90 

2-44 

100 

151 

0-49 

Average 

4-11 

=^4-5 

128 


Lecithine from beef liver. In the next series of experiments lecithine, 
prepared from fresh beef liver, was tested. The lecithine fraction was 
prepared in the following manner: fresh beef liver was minced and dried 
in a vacuum oven at low temperature. The dried material was ground 
and then thoroughly extracted with absolute ethyl alcohol. The material 
was filtered through pajjer and the filtrate evaporated to small volume in 
an efficient vacuum still. The residue was evaporated to a syrup in a large 
glass flask, and ether was then added until no more material would go 
into solution. The mixture was allowed to stand overnight in a cold room, 
and then filtered through paper. The clear ethereal solution was added 
with stirring to three volumes of acetone. After 48 hours the supernatant 
fluid was decanted, and the precipitate removed. This material was then 
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stored over paraffin in an atmosphere of nitrogen. This was the material 
which was subsequently purified by the ca dmium chloride procedure. 
We are indebted to the Connaught Laboratories for the fresh beef liver, 
for the various reagents, and for the use of the large apparatus required 
in the preparation of the lecithine. 

The effect of crude beef liver lecithine. The results (Tables V and VI) 
demonstrate that 1 g. and 0*5 g. of lecithine from this source daily are 
capable of preventing the deposition of fat in the liver of normal white 
rats. 



Table V. Fat diet. 

Stock diet 

with fat added (fat 40 p.c 

. of total food). 



Length 

Total 

Fat 

Wt. of 

Wt. of 

Fatty 



of ex¬ 

fat 

oakui 

rat 

rat 

acids in 


Rat 

periment 

eaten 

daily 

before 

after 

liver 

Iodine 

No. 

(days) 


(g.) 

(g.) 

(g-) 

(p.c.) 

No. 

1 

21 

.52-5 

2 5 

189 

181 

29-0 

110 

2 

21 

r>2*5 

2-5 

171 

173 

14-5 

109 


21 

52*0 

2-.) 

170 

172 

20-3 

110 

4 

21 

52 5 

2 5 

220 

200 

2,3* 1 

102 

5 

21 

52 5 

2-5 

1(>4 

105 

9-2 

no 

i) 

22 

540 

2-45 

175 

107 

21 2 

100 

7 

22 

550 

2*5 

173 

1()9 

100 

115 

8 

22 

550 

2 5 

100 

100 

7-8 

133 


22 

.55'U 

2-5 

1.58 

154 

20 7 

03 

10 

22 

55 0 

2 5 

150 

142 

7-9 

138 






Average = 17*3 



Table VJ. 

Fat diet with crude liver lecithine. Stock diet with fat 



added (fat 40 p.c 

. of stock diet and fat ration) and with lecithine. 




Length 

Total 

Fat 

Wt. of 

Wt. of 


Fatty 



of ex- 

fat 

eaten 

rat 

rjit 

Leeitliine 

acids in 


Rat 

])eriinent 

t^aten 

daily 

before 

after 

daily 

liver 

Iodine 

No. 

(da\H) 

(g.) 

(g.) 

(g.) 

(?•) 

(g.) 

(p.c.) 

No. 

32 

22 

52-4 

2-38 

209 

200 

0-95 

31 

120 

33 

22 

,54-2 

2 47 

100 

108 

0-99 

40 

no 

34 

22 

53*7 

2*44 

172 

18S 

0-97 

4-9 

175 

35 

22 

51-8 

2-30 

192 

187 

0-94 

9-5 

172 

3(i 

22 

51-2 

2 33 

1.50 

143 

0 93 

44 

240 

37 

22 

.34-2 

2-47 

151 

123 

0 99 

41 

192 

38 

*’2 

51*0 

2-35 

202 

193 

0 94 

51 

194 

40 

22 

53-5 

2-43 

102 

175 

0-97 

30 

215 

41 

22 

53-2 

2-42 

170 

172 

0-48 

41 

205 

42 

22 

55 0 

2 50 

181 

190 

0-50 

40 

212 

43 

22 

53*7 

2-44 

180 

192 

0-49 

5-7 

108 

44 

22 

52*5 

2-38 

105 

107 

0-48 

3-7 

213 

45 

22 

.53-2 

2'42 

181 

175 

0-48 

5*7 

175 


Average 12-4 p.c. Jecitlune =4*7 
0-7 p.c. lecithine =4-8 


Purified be.ef liver lecithine. Some 340 g. of purified lecithine (iodine 
number 75) were obtained by fractionation of the lecithine according to 
the Levene and Eolf cadmium chloride procedure. Varying amounts 
of this lecithine were added to the stock diet in the manner described 
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above. The smallest effective daily dose studied was 0*1 g. The results of 
the experiment in which 0*25 g. was given daily are slightly more con- 


sistent, however, and these are given in 

Tables VII and VIII. 



Table VIJ. Fat diet, Stock diet with fat added (fat 40 p.c. of total food). 


Length 

Total 

Fat Fat 

Wt. of 

Wt. of 

Fatty 



ol ex- 

fat 

eaten excreted 

rat 

rat 

acids in 


Rat 

peiimcnt oaten 

liaily daily 

betore 

after 

liver 

Iodine 

No. 

(days) 

(K-) 

(g-) (g-) 

(g-) 

(g.) 

(p.c.) 

No. 

J 

20 

500 

2*50 0 17 

210 

200 

9-2 

97 

o 

20 

50 0 

2-50 0 15 

190 

184 

110 

95 

3 

20 

50-0 

2 50 0 10 

170 

174 

100 

9t) 

4 

20 

500 

2-50 0 15 

170 

lot) 

8 5 

94 

o 

21 

52-5 

2-50 0 17 

180 

170 

21 1 


a 

21 

52-5 

2 50 0 10 

170 

174 

8-2 

100 

7 

21 

52*5 

2 50 0 10 

180 

170 

11 7 

95 

S 

21 

52 5 

2 50 0 17 

182 

170 

28 2 

97 

9 

21 

51-5 

2*40 0 18 

loti 

L52 

13 8 

89 

10 

21 

52 5 

2 50 0 14 

102 

158 

It) 2 

91 






Average 

=Tl4 



Table Vlll. Fat diet with piuitied liver leeithinc. 

Stock diet with fat 



added (fat 40 

p.c. of stock diet and fat ration) and ^vitli lecithine. 



Length 

Total 

Fat Fat Wt. of Wt. of 


Fatt^ 



ol ex- 

fat 

eaten excreted rat 

rat 

Lecithine acid.s in 


Rat 

penment 

eaten 

daily daily before after 

daily 

live! 

Iodine 

No. 

(days) 

(g.) 

(g.) (g.) (g.) 

(g.) 

(g.) 

) 

No. 

11 

21 

52-5 

2-50 0 17 mo 

145 

0-25 

5‘3tt 

W7 

12 

21 

52-5 

2 50 0-20 100 

152 

0 25 

0 55 

111 

13 

21 

52-5 

2-50 0 18 180 

170 

0 25 

5 85 

112 

U 

21 

51-5 

2-45 0 19 230 

220 

0 24 

3 87 

117 

Lj 

21 

51-5 

2 45 0 18 100 

100 

0-24 

5 85 

115 

16 

21 

52-5 

2 50 0 15 180 

172 

0-25 

5-40 

109 

17 

21 

52 5 

2-50 0 15 104 

152 

0 25 

5-08 

110 

18 

21 

52-5 

2-50 0 15 198 

190 

0'25 

4 27 

118 

19 

21 

51-5 

2 45 0 10 188 

180 

0 24 

t)12 

lit) 


Avcrage —T) 70 


Proof that the excretion of fatty acids plays no part in the effects of 
lecithine. Although these results may be shown subsequently to have 
little physiological significance, they are of considerable interest provided 
that the effect of lecithine is not due to some relatively unimportant 
mechanism. The only obvious pitfall seems to be that the lecithine might 
increase the excretion of fat. In preliminary experiments in which the 
food residue and ffeces were examined for fat, no evidence could be 
obtained that more fat was lost in the animals on lecithine than in others. 
In an attempt to make this point perfectly clear, however, the fat in the 
fjeces has been estimated by the saponification method, for each of the 
members of control and test groups of animals, in three experiments. The 
fseces were collected daily and were immediately placed in the alkali. 



FAT OF LIVER ON FEEDING LECITHINE. 


63 


The figures in Tables VII and VIII show that there is no difference in the 
fat excretion of the control and test groups, and they provide very strong 
evidence that fat excretion is not a significant factor in the interpretation 
of these results. In the other experiments in which phospholipines pre¬ 
pared from beef liver and egg yolk lecithine prevented deposition of liver 
fat, the fat excretion of the animals which received the lecithine was of 
the same order as that of those on the control diet. The figures for the 
experiment in which egg yolk lecithine was used are given in Tables IX 
and X. These results, in addition to the data on fat excretion which they 
provide, furnish further evidence of the effect of phospholipines derived 
from egg yolk on deposition of liver fat. 


Ta«ll JX. Fat (hot. Stuck diet with fat addt^d (fat 40 p.c. of total food). 



L(*iigth 

Total 

Fat 

Total 

Fat 

Wt. (»f 

Wt. of 

Fatty 



of cv- 

fat 

eaten 

fat 

ex(‘reted 

rat 

rat 

acids 111 


Kat 

jMTimt'Ut 


daily 

<‘X(* reted 

dudv 

before 

after 

liver 

Iodine 

No. 

(da>s) 

(«•) 

(k^) 

(ii.) 


(g.) 

(g.) 

(p.c.) 

No. 

1 

21 

52 d 

2-50 

2-4t> 

0 12 

171 

150 

8-9 

110 


21 

51 0 

2-43 

2 m 

Oil 

155 

145 

21-5 

8ti 


21 

52-1 

2-48 

2 74 

0 14 

158 

148 

14-8 

100 

4 

21 

52-1 

2 48 

2-()7 

0 13 

200 

195 

17-3 

100 

f) 

21 

52*5 

2-50 

2 49 

0 12 

174 

170 

12-3 

89 

(i 

21 

51 0 

2 43 

2(i9 

0 13 

105 

150 

277 

84 

7 

21 

52 5 

2-50 

2 38 

0 12 

103 

100 

25 0 

97 


Average- 18 2 



T \ «L1 

. X. Fat 

diet MJtli enidt' 


ithiiie. 

Stock diet 

with fat added 




(fat 40 p 

c. of St 

o('k diet 

and fat 

ration) 

and with 

lecithine. 



Leiijj:th 











of ex- 

Total 

Fat 

Total 

Fat ex¬ 

Wt. of Wt. of 

Leei- 

Fatty 



pen- 

lat 

eaten 

fat ex¬ 

creted 

rat 

lat 

thine 

acids in 


Hat 

iiH‘nt 

eat('n 

dailv 

creted 

daih 

before 

after 

daily 

liver 

Iodine 

No. 

(days) 

(uO 

(g.) 

(g-) 

(g.) 

(g-) 

(g.) 

(g-) 

) 

No. 

11 

21 

51 5 

2 43 

211 

010 

153 

150 

0-49 

3*75 


12 

21 

48 7 

2 32 

105 

0 OS 

177 

102 

0*40 

3-.50 

133 

14 

21 

52 0 

2 47 

3-10 

010 

181 

175 

0 49 

3*32 

140 

10 

21 

50-0 

2 38 

2 33 

012 

101 

137 

0-48 

315 

137 

20 

21 

51 (i 

2 45 

2 27 

0 11 

150 

148 

0 49 

.3 .50 

114 


Average — 3-44 


Lecithine in liver and blood, lieterminations of alcohol-ether soluble 
phosphorus on samples of liver and blood from control and test animals 
were very kindly made for us by Dr Kay of the Department of Bio¬ 
chemistry. The average liver value, calculated as lecithine, in four control 
animals was 2-94 p.c. In four test animals each of which ate approxim¬ 
ately 0*85 g. of egg yoUv lecithine daily the value was 3-38 p.c., and in 
four test animals which ate 0*44 g. of the same material 3*20 p.c. We are 
not prepared to conclude without further experiments that the difference 
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between control and test animals is significant, but it is interesting to 
note that a very large proportion of the total fatty acid in the livers of 
the test animals must have been derived from the phospholipines. The 
livers of test animals which contained 3*38 p.c. lecithine showed an 
average value of 3*85 p.c. fatty acid, those with 3*20 p.c. lecithine 
3*80 p.c. fatty acid. The livers of the controls contained 2*94 p.c. lecithine 
and 11*2 p.c. fatty acids. 

The results for the phospholipines, calculated as lecithine, for the 
blood samples from control animals demonstrate that these values are 
definitely lower than those obtained from the animals given lecithine. 
While the animals were not fed on the day on which they were killed, and 
while we are certain that some of the animals did not eat anything for at 
least 5 hours previous to their death, we cannot conclude that absorption 
of lecithine from the intestine did not influence these values obtained for 
the blood. 

Glycogen. Glycogen determinations on samples of the livers of control 
and test animals have been made for us by our colleague Dr E. T. Wa ters. 
Both the fatty livers of the control and the relatively fat-free specimens 
from the lecithine animals may contain normal quantities of glycogen. 
The results thus far obtained do not suggest that there is any significant 
difference in the amounts of liver glycogen in the two groups. 

Fatty acid content of whole animal. In several experiments the total 
fatty acid content of control and test animals has been determined by the 
saponification procedure. The figures suggest that the animals which had 
lecithine do not contain as much fatty acid as the controls. The difference 
is not great, however, and further experiments are required to settle the 
point. The iodine numbers of the fatty acids obtained from the bodies 
(livers excluded) of the control and test animals were of the same order. 

Discussion. 

A review of the literature shows that there is very little information 
available concerning the effects of diets rich in fat on the deposition of 
fat in the livers of various species of animals. In the experiments which 
we carried out during the hot summer weather, difficulties were en¬ 
countered in securing a high average fat content in the livers of white 
rats. During the autumn and winter, however, a daily ration containing 
approximately 2*5 g. of fairly saturated fat has consistently produced a 
high average fat content in the livers of the control animals (Tables I, 
III, V, VII and IX). These results are so consistent that it might be con¬ 
sidered unnecessary to provide a grouj) of control animals for every new 
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test if one could be absolutely certain that the rats were from the same 
colony and had received the same diet and attention. It is certain, how¬ 
ever, that rats from one colony cannot be used as controls on those from 
another. In one experiment in which a series of rats from a new colony 
was used the results had to be discarded because we made the mistake of 
assuming that the control group would exhibit fatty livers on the same 
diet as that received by the control rats referred to in the above tables. 
None of the rats from the new colony which were used as controls had a 
high liver fat. The cause for this great difference between rats from various 
colonies would be an interesting subject for further study. 

The results of the experiments reported in this paper provide evidence 
that the addition of crude and purified lecithine from egg yolk and from 
fresh beef liver to the diet of normal white rats prevents the accumulation 
of liver fat. These results are very clear-cut. The evidence appears satis¬ 
factory that the effect is not due to excretion of fat by the animals on the 
** lecithine diet. The faeces were carefully examined by one of us each 
day, and it appeared probable, even before the actual estimation of the 
faecal fat in the control and test groups had been made, that fat excretion 
by the test animals was not a significant factor in the interpretation of 
the results. It is in the highest degree unlikely that the saponification 
method would fail to detect fatty material in one case and not in the other. 
It is also most improbable that the fat in the intestine of the lecithine- 
fed animals would be decomposed beyond the fatty acid and glycerol 
stage. 

In the determination of the iodine numbers of the fatty acids from 
various sources the reagents and the technique have been repeatedly 
checked by determination of the iodine absorption of a sample of Merck’s 
oleic acid. The iodine number of the beef dripping has ranged between 
39 and 41. The tables demonstrate that the iodine number of the fatty 
acids from the livers of the lecithine-fed animals are on the average 
considerably higher than those of the control groups. While the average 
figures may have no great significance in this connection, calculation of 
these values from the experiments which are reported in this paper shows 
the following result—control rats 100, lecithine-fed rats 132. The iodine 
number of the ftecal fat varied between 20 and 50, and was usually 
between 30 and 40. An interesting point arising out of the determina¬ 
tion of the iodine numbers is the very high figures obtained for the fatty 
acids of the liver of certain of the rats which received lecithine prepared 
from beef liver. These estimations were made with the same reagents 
and at the same time as those on the control animals. These high 
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figures suggest that the livers of certain of the animals receiving crude 
lecithine may contain a largo proportion of highly unsaturated fatty acid, 
but further study is required on this point. If this result can be con¬ 
firmed however in experiments on larger animals, a good opportunity 
might be provided for the isolation and identification of the fatty acid or 
acids responsible. 

In an investigation of the effects of the components of lecithine on 
deposition of liver fat the results of which will be published shortly by 
two of us (C. H. B. and M. E.H.), evidence has been obtained that the 
active component of lecithine is choline. In view of this finding a dis¬ 
cussion of the physiological significance of the results given in this paper 
will not be included here. 

Summary. 

When white rats weighing between 150 and 230 g. receive a daily 
ration containing 2-5 g. of fairly saturated fat (iodine number approxi¬ 
mately 40) for 3 weeks, their livers may be found to contain very large 
amounts of fatty acids. The average value of the iodine number of these 
fatty acids in our experiments w^as approximately 100. Comparable 
groups of animals receiving the same diet as above, and in addition vary¬ 
ing amounts of crude or purified lecithine prepared from egg yolk or beef 
liver, do not exhibit this increase in liver fat. The values obtained may 
be as low or lower than those of animals fed on a normal mixed diet. The 
average value of the iodine numbers of the fatty acids of this group was 
approximately 132. No evidence could be obtained that increased excre¬ 
tion of fat plays any part in the interpretation of the effect of lecithine. 

The results of a preliminary investigation of the effects of lecithine 
upon liver glycogen and phospholipines, and upon the distribution of fat 
in other parts of the bodies of the test animals, are briefly discussed. 

We would like to express here our appreciation of the expert technical 
assistance given us by Miss G. I. Harpell. 

A part t)f the expense of this research has been defrayed by a grant from the Banting 
Research Foundation. 
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CHANGES IN THE BLOOD COMPOSITION OF UN- 
ANiESTHETIZED RABBITS FOLLOWING THE 
INGESTION OF WATER AND SALINES 

With special reference to the distribution of fluid between 
plasma and corpuscles and to the relationship 
between blood composition and diuresis. 

By F. H. 8M1RK {Beit Memorial F(4low), 

{From the Medical Unit^ University College Hospital.) 

Introduction. 

For some time it has been a matter of dispute whether, following upon 
the administration of water by the alimentary tract, there is or is not a 
blood dilution. Thus Haldane and Priestley [ L916J, Priestley [1916, 
1921], Engel and Scharl [1906J consider that no appreciable change 
in blood concentration takes place and in contrast Blix [1916], Marx 
and Mohr [1927], Bayliss and Fee [1930], Rioch [1930] detect con¬ 
siderable dilutions. Haldane and Priestley [1916] note a constancy 
of the haemoglobin percentage in man, but in a subsequent paper 
Priestley [1916] dcwscribes a decreavSe in the electrical conductivity. 

In these results there may be nothing essentially (contradictory. The 
type and breed and diet of the animal used, the dosage of water, the 
substance used as an index of blood dilution, and the times after water 
administration at which the blood samples are taken may determine 
these differences. Further, the differences in physiological response in¬ 
duced by such procedures as the administration of anaesthetics and de¬ 
cortication or decerebration are of at least equal importance. 

Dilution of the blood is usually estimated by observing the changes 
in percentage concentration of some substance which is selected as a 
measure of dilution. In this paper the percentage of solid substance and 
the hsemoglobin content of whole blood, the hsematocrit reading, the 
protein content of plasma, and the chlorine content of plasma have been 
used for this purpose. Although it is not methodically difficult to detect 
even small changes in the concentration of these substances it is by no 
^ Communicated to the Medical Research Society on October 23, 1931. 
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means so easy to decide that such changes are the result of water absorp¬ 
tion. Thus, Barcroft has shown that during muscular exercise or a state 
of anger or fright contractions of the spleen occur with an outpouring 
of additional red cells into the circulation. In addition, changes have 
been found in the chlorine and protein contents of the plasma and in 
the haemoglobin content of whole blood during exercise in men even 
after splenectomy (Smirk—unpublished observations). The chlorine con¬ 
tent of the plasma may vary independently of the plasma protein or the 
haemoglobin content of whole blood either by movements of chlorine ions 
to and from the erythrocytes (the Hamburger phenomenon) or the 
tissues [this paper and unpublished observations]. Since the lymph may 
contain much protein the formation and storage in tissues or serous 
cavities of additional lymph as a result of water absorption would give 
rise to a fall in the plasma protein concentration even if the blood volume 
remained constant. It will be shown in a subsequent paper with Heller 
that this source of alteration in the plasma protein percentage is not 
purely theoretical. Again venous congestion of the part from which the 
blood sample is taken may alter the concentration of haemoglobin and 
the distribution of chlorine between corpuscles and plasma; and even 
heating the source of the blood sample to obtain a more liberal flow may 
produce small alterations in man [Smirk, 1928 a]. 

It may be suggested that since exercise, emotional changes and many 
other factors may alter the concentration of various substances in the 
blood it will be well to avoid them by some such device as ansesthesia, 
decortication or decerebration. 

The object, however, of this work is firstly to enquire whether it is 
indeed true that the tissues react rapidly and quantitatively to small 
changes in concentration of the blood in such a manner as to keep con¬ 
stant the blood volume, and secondly, to determine what relation, if any, 
there may be between blood concentration and normal water diuresis. 
The first object is of importance since if attained it may help to reveal 
whether the partition of water between blood and tissues is or is not 
mainly determined by physico-chemical changes. The second considera¬ 
tion should show whether in all animals the kidney is extremely sensitive 
to changes in blood concentration, or whether a biased view point has 
so far been obtained by considering mainly those animals where the 
renal response is most active. 

Since most anaesthetic substances alter, usually diminishing, the 
urinary output, they are clearly unsuitable for the study of changes in 
blood concentration during the progress of a normal water diuresis. In 
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addition Hicks and I [1930] have shown directly on rabbits that the 
blood which became diluted after giving water by the alimentary tract 
was reconcentrated if chloretone or morphine were then administered. 
This perhaps indicates an altered distribution of water between blood 
and tissues under the influence of at least two narcotic drugs. 

Although the decorticated or decerebrated preparations described by 
Fee [1929] gave responses to water administration as gauged by the 
urinary output, it does not appear safe to assume from this that the 
“pre-renal” distribution of water about the body, particularly its par¬ 
tition between the blood and tissues, must have remained normal. 
Especially is this so while many schools of thought emphasize the im¬ 
portance of the nervous system in determining water interchange and 
excretion. 

For this reason it has been considered most desirable to work upon 
intact unanaesthetized animals and man and to eliminate the effects of 
struggling and emotion by means of controls in which the entire experi¬ 
mental procedure is repeated with the exception of water administration. 
Also it has been thought desirable to use many different substances as 
indices of blood dilution. In this paper are described only the experiments 
on rabbits. 


Experimental procedure. 

The rabbits received 4 p.c. of their body weight of warm water by 
stomach tube, their previous dietic state being controlled. 

Samples of blood were taken without congestion, and as far as possible 
without the production of fright or struggling, from the marginal ear 
veins. 

Estimations of the plasma protein wore made by KjeldahTs method, no correction 
being made for non-protein nitrogen, Haematocrit observations were made by a method 
previously described {Smirk, 1928 6]. The percentage solid substance in whole blood was 
determined by receiving a small quantity of blood into a weighing bottle and determining 
the loss on drying to a constant weight by heat in an oven with a steady temperature of 
107° C. for 36 hours. Hiemoglobin changes were detected by preparing solutions of 0*1 cm. 
of the bloods in 25 e.c. of tap water and passing coal gas in order to convert haemoglobin 
to car boxy haemoglobin. Using one of the samples before water administration as the 
standard the changes in concentration were determined by colorimetry and were expressed 
as a percentage fall below the original concentration without determination of the actual 
amount of haunoglobin. In some experiments the iron content of the blood, which depends 
almost solely on the haemoglobin, was determined by a method already described [Smirk, 
1927 a]. The plasma chlorides were determined by rapid destruction of the proteins with 
ammonium persulphate and nitric acid in the presence of silver nitrate followed by back 
titration with alcoholic ammonium thiocyanate in the presence of acetone as an end point 
intensifier [Smirk, 1928 6]. 
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Samples of blood wore shaken with air before analysing in order to 
correct any changes in the distribution of chlorine ions due to differences 
in the COg contents of the samples. 

Heparine was usually used as anticoagulant, but where only small 
samples of blood were taken for plasma protein analysis neutral potassium 
oxalate was employed to avoid errors due to the nitrogen content of 
heparine. 

The amounts of blood removed were in all cases controlled by the 
removal of similar quantities of blood in the control animals, and the 
necessity of adopting this procedure was made evident. 

Urine samples were obtained by expression. 

Results. 

The changes in blood concentration after water adminis¬ 
tration have been expressed as a percentage of the original 
concentration. In other words, the initial blood concen¬ 
tration of any substance used as an index of blood dilution 
is called 100 p.c., and if the concentration of this substance 
falls to, say, 9(3 p.c. of this in the course of an experiment 
it is recorded simply as a 4 p.c. dilution. In all the charts 
the horizontal line represents the initial blood concen¬ 
tration—a line drawn vertically downwards from this re¬ 
presents a test in which the blood has become diluted: 
vertically upwards a test where the blood has been con¬ 
centrated. Each vertical line, therefore, represents a 
separate experiment and the length of the line the degree 
of dilution or concentration. 

(a) Control observations on the effect upon the haemoglobin con¬ 
centration of removing 2 c.c. or 3 c.c. of blood. 

In a 2-kilogram rabbit one would anticipate a blood volume of not 
less than 120 c.c., and theoretically the change in haemoglobin percentage 
resulting from the removal of 2 c.c. or 3 c.c. should not exceed 1*7 p.c. 
to 2*5 p.c. In actual practice this is not so. A second sample of blood 
removed 1-J hours later may show a dilution of as much as 8 p.c., usually 
about 3 p.c. or 4 p.c. It is unlikely that this finding depends on any 
methodical error, since estimations of the plasma protein and haematocrit 
observations are in agreemcuit with the haemoglobin determinations: and 
it will be seen from subsequent control experiments where only 0*5 c.c. 
to 0*8 c.c. of blood have been removed (Diagrams 1, 2, 4) that such 
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changes are not then observed. It is not proposed to pursue this matter 
further, but it may well be that compensatory adjustments of blood 
volume in response to small haemorrhages are not accurate to 3 p.c. 

(b) The effect of the administration of 4 p.c. of the body weight of 
water upon the haemoglobin concentration of a sample of 
blood taken IJ hours later together with control observations in 
which the experimental procedure was repeated: water administra¬ 
tion excepted. See Diagram 1. 



Diagrams 1-7 show the effect of water ingestion on the concentration of various blood 
constituents in the rabbit. Each vertical line represents a separate experiment. 
A fall of the vertical line below the base line represents a blood dilution. 


Only 0-5 c.c. to 0*8 c.e. of blood were removed per sample and the 
full period of IJ hours was allowed to elapse before the second blood 
sample was taken in the control observations. The previous diet and 
treatment of the control animals was identical with that of animals re- 
(‘.eiving water and in no case were animals deprived of water before the 
experiments for a time long enough to cause appreciable blood concen¬ 
tration, the correction of which after water administration would simulate 
blood dilution. Rabbits whether on diets of oats and unlimited water 
or cabbage* and unlimited water showed dilution of the blood after the 
additional dose of water by stomach tube as contrasted with the absence 
of blood dilution in the controls where no additional water had been 


given. 
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It will be observed that the haemoglobin concentration in the controls 
is not steady, but this might be expected from the presence of variations 
introduced by factors such as splenic contraction which have been re¬ 
ferred to in the introduction. The average of all the control observations 
would suggest about 1 p.c. concentration of the blood which is approxi¬ 
mately the same as the control observations for the plasma protein. 

In one experiment where water has been given, a blood concentration 
was observed and this likewise may be due to variations in the amount 
of circulating haemoglobin induced by the spleen. The remaining experi¬ 
ments suggest that there is a definite dilution of the blood as estimated 
by the haemoglobin concentration. 



(c) The effect of the administration of 4 p.c. of the body weight of water 
upon the plasma protein concentration, together with control 
observations. See Diagram 2. 

The procedure and precautions in these experiments have been 
exactly similar to those of rhe last series (Section (6)). The estimations 
of nitrogen by Kjeldahl’s method were made in duplicate or triplicate 
on 0-1 c.c. of plasma each. 

The concentration of protein tends to remain steady in the controls: 
being concentrated about 1 p.c. as would be expected from a urine loss 
which is not replaced by additional water given. It is probable that 
variations in the size of the spleen do not affect the protein concentra¬ 
tion to the same degree as the haemoglobin. 
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In contrast to the controls, animals receiving water showed in all 
cases a definite plasma dilution although the degree of dilution was 
variable. 

(d) The effect of the administration of 4 p.c. of the body weight of water 
on the percentage of solid matter in whole blood. See 
Diagram 3. 

Again the experimental procedures of Sections (6) and (c) have been 
repeated with the addition that a series of five observations were made 
on blood samples taken \ hour after water administration in addition 
to eleven observations at 14 hours. Further controls were considered 



Diagram 3. Changes in the dried weight of whole blood. 


unnecessary here since the percentage solid matter depends largely on 
the haemoglobin and protein in which the absence of any important 
variation has been demonstrated. 

Both at 4 a-nd 14 hours after giving water the blood was diluted. 
The two experiments in w’hicli a concentration of the blood was observed 
and some of the experiments where the dilution appears unusually great 
are probably explained by the splenic and other errors outlined in the 
introduction. 

(e) The effect of the administration of 4 p.c. of the body weight of water 
on the percentage volume of red cells, together with control 
observations. See Diagram 4. 

It will be observed that any difference there may be between the 
control animals and the animals that received water is much smaller 
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when the hsematocrit readings are studied than in experiments where 
the htemoglobin or plasma protein is used as an index of blood dilution. 
In order to study this in detail a series of results were collected together 
in which both haematocrit observations and haemoglobin determinations 
were made on the same blood samples. These results are described in 
Section {g). For the moment it will suffice to state that the dilution 
estimated by the change in the percentage volume of corpuscles is as an 
average much less than the dilution estimated by the haemoglobin per¬ 
centage, the solid matter in blood or by the plasma protein. (See 
Diagrams 1, 2, 3, 4.) 



Diagram 4. Changes in the hsematocrit. 


(/) The effect of the administration of 4 p.c. of the body weight of water 
on the chloride content of plasma. See Diagram 5. 

It will be observed that a slight fall in the plasma chlorine is the rule, 
and that this fall is less than the fall in plasma protein. 

(g) A comparison of the degrees of blood dilution as determined by 
haematocrit observations and haemoglobin estimations 
on the same blood samples after the administration of 
4 p.c. of the body weight of water. See Diagram 6. 

Changes in the haemoglobin percentage may be used as indications 
of the total amount of additional fluid which enters a given volume of 
blood, whereas the haematocrit readings inform us as to changes in the 
percentage volume of red cells; and therefore indicate the manner in 
which water is distributed between the plasma and the corpuscles: since 
upon this distribution depend changes in their proportional volumes. 
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In Diagram 6 are collected the results of experiments in which 
hsematocrit observations were made and a dilution of the haemoglobin 
was observed. 



Diagram 5. Changes in the plasma chloride. 



~16 


Diagram 6. Comparison of hasmatocrit and haemoglobin dilutions 
in blood after water administration. 

X Haemoglobin dilution. @ HaBmatocrit dilution. 

In addition are included hsematocrit and haemoglobin determinations 
from four experiments in which the excretion of urine was prevented 
by pituitrin and a larger blood dilution resulted. 

Of ten observations, each the average of two or three haemoglobin 
determinations and six to eight haematocrit readings, nine showed that 






90 


F. H. SMIRK. 


the percentage blood dilution appeared greater when haemoglobin was 
used as an index of dilution, and in the remaining experiment the two 
fell within experimental error. Of the nine results showing greater dilu¬ 
tions with the haemoglobin two showed a slight concentration by the 
haematocrit. This may well be due to some such factor as splenic con¬ 
traction, which by throwing additional blood into the circulation would 
tend to diminish the dilution effect of the water without greatly dis¬ 
turbing the relationship which has been described between the haematocrit 
and the haemoglobin readings. In other words both points would be 
moved vertically upwards on the diagram. 



Diagram 7. Comparison of haematocrit and haemoglobin dilutions 
in blood after 0-9 p.c. saline administration. 

X Haemoglobin dilution. 0 Haematocrit dilution. 


One may briefly conclude from these observations that most of the 
entering water remains in the plasma but that some must enter the 
corpuscles and cause an increase in their average size. 

(/<) A comparison of the degrees of blood dilution as determined by 
haematocrit observations and haemoglobin estimations 
on the same blood samples after the administration of 
4 p.c. of the body weight of 0*9 p.c. saline. See Diagram 7. 

It was thought that a possible explanation of the distribution of 
added water between plasma and corpuscles which has been described 
in Section {g) might be, that the water enters the blood as hypotonic 
saline, or at least that adjustments take place which render the net 




BLOOD COMPOSITION AND DIURESIS, 


91 


result an equivalent of this. Therefore it was decided to examine the 
distribution of the added water when isotonic saline was administered, 
since from in vitro experiments one would then expect to find the whole 
of the added fluid in the plasma. This anticipation was realized since 
the dilutions as estimated by the haemoglobin and the haematocrit were 
then approximately equal, and this was especially evident when large 
blood dilutions were produced with the help of pituitrin. 

Thus where water was given the average of all the results (including 
pituitrin experiments) gives a dilution of 5*5 p.c. for the haemoglobin 
and 2*0 p.c. for the haeraatocrit, but where saline is given although the 
dilution is still 5*5 p.c. for the haemoglobin it is 6*0 p.c. for the haeraatocrit. 
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Diagram 8. The relation between the dilution of plasma 
proteins and diuresis (rabbit). 


This can only be the case if where water was given a proportion of the 
water entered the corpuscles and where isotonic saline was given all the 
water detained in the blood remained in the plasma. 

(i) The relationship between diuresis and the dilution of the plasma 
protein. 

In Diagram 8 has been represented the relationship of the output of 
urine over the 3 hours following water administration to the dilution 
of the plasma protein expressed as a percentage. The abscussa represents 
the urinary output in the 3-hour period per kg. of the animal’s body 
weight and the blood samples were taken shortly before and hours 
after water administration. It will be observed that as a rule the large 
blood dilutions are met in animals with a small diuresis and conversely 
the animals with a relatively large diuresis have the smaller blood dilu- 
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tion. It can at least be said that the diuresis over the full period of 
3 hours is not proportional to the degree of plasma dilution as estimated 
by the plasma protein, and it would even seem probable that the cause 
*of blood dilution may sometimes be the inadequacy of the renal response. 

It may be suggested that one cannot fairly relate the urine output 
for 3 hours after the administration of water to the plasma composition 
at the mid-way point {i.e. 1\ hours after). 

Similar charts have been constructed, however, for the period 1| hours 
before the second blood sample and also for the li hours afterward, and 
both show the same distribution of results. The 3-hour chart may, 
therefore, be given as being representative. 
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Diagram 9. The relation between the dilution of 
hemoglobin and diuresis (rabbit). 


(j) The relationship between diuresis and blood dilution as measured 
by the haemoglobin of whole blood. 

In precisely the same manner as in Section (i), Diagram 9 relates the 
haemoglobin dilution at 11 hours after water administration to the urinary 
output during the 2 hours after giving water. Similar relationships are 
obtained if the blood dilution is related to the output of urine during 
the ^ hour following the taking of the second blood sample or to the 
urinary output during the 1^ hours after giving water. 

The chart shows that the degree of blood dilution docs not determine 
the degree of diuresis, and again, as with the plasma protein, results are 
perhaps more compatible with the idea that it is the absence of an 
ad(*quate renal response to water administration which may determine 
the blood dilution. 
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(A;) The relationship between diuresis and the dilution of the total solid 
content of whole blood. 

Diagram 10 which is constructed on the same principle as Diagrams 
8 and 9 relates the dilution of the total solids hours after water ad¬ 
ministration to the output of urine in the second hour. 

No relationship can be made out between dilution of the blood and 
diuresis. If the urinary output up to the time of taking the blood sample, 
or the urinary output for the full 3-hour period are studied, the same 
absence of relationship is observed. 
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Diagram 10. The relation between the dilution of the 
total solids of blood and diuresis (rabbit). 


Discussion. 

By blood dilution is here meant a diminished concentration in blood 
of any of its main constituents: by general blood dilution a dilution of 
all of these or at least of such representative constituents as haemoglobin, 
plasma proteins and plasma cliloride. 

From the considiTation of certain fallacies outlined in the introduc¬ 
tion it will be evident that changes in the concentration of any one 
substance in the blood do not justify the conclusion that there has been 
an alteration in the blood volume, since th(» salts, Inx^moglobin and other 
proteins may vary independently. But dilution of two or three repre¬ 
sentative substances including those most abundant in blood must be 
regarded as very strong evidence of an increased water content of blood 
and strong evidence also of an increased blood volume. 

The degree of the changes in blood concentration is always small 
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both relative to the quantities of water given and to the resulting diuresis, 
and the part played by methodical errors in analysis and sampling of 
blood must, therefore, receive careful consideration. As far as possible 
analytical errors have been controlled by duplicate and triplicate esti¬ 
mations, and sampling errors by avoidance of congestion and procedures 
liable to alter blood concentration. 

The most important controls in my opinion are firstly the frequent 
comparisons with animals in which the whole experimental procedure is 
repeated with the exception of water administration, and secondly the 
use of several different indices of blood dilution involving as many 
different analytical processes. 

Comparison of the results obtained in the animals which received 
water with the results in animals where no water was given make it, I 
think, certain that under the conditions of my experiment a general 
blood dilution was indeed the rule, and that this dilution was not occa¬ 
sioned by the removal of the first blood sample or by any other procedure 
than the giving of water. 

It would not be difficult, however, to obtain results of this kind by 
depriving animals of water, thus producing a blood concentration which 
would be corrected only in those animals which subsequently received 
water, thus giving rise to an apparent blood dilution. 

This, however, is not the explanation of the results since the rabbits 
were allowed free access to water up to or to within an hour of the 
experiment. The previous diet may be of importance since animals fed 
on cabbage have much larger outputs of urine than animals receiving 
oats, although the latter animals have free access to water. This also 
remains true when the rabbits have been deprived of food for 24 hours, 
and is not due to the additional water content of the cabbage. The general 
impression conveyed by ray results is that animals fed on oats show 
slightly greater dilutions of the blood. The effect of a previous diet of 
cabbage upon diuresis persists some days even if oats have been given 
in the interval. It is not so likely therefore that the difference in urinary 
output operates through any alteration in the composition of the fluid 
absorbed from the alimentary tract. The chlorine contents of random 
samples of cabbage and oats (expressed as NaCl) were found to be re¬ 
spectively 0*298 and 0*057, and since a larger weight of cabbage can be 
eaten by a rabbit there is little doubt that on this diet its tissues and 
urine will be richer in salts. 

Since, however, the animals were allowed water but deprived of food 
about 15 hours before the experiment it is not probable that the salt 
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content of the water in the alimentary canal prior to its absorption is 
greatly different under the two diets. 

The animals used to study the relationships of protein and of the 
total solids of plasma to diuresis were both on uniform diets. 

Inspection of Diagrams 1, 2, 3 and 5 reveals that although the same 
dose of water is given for each kilogram of the animals’ body weight 
the degree of blood dilution differs from one animal to another to an 
extent which cannot be explained by chemical error. Although splenic 
contractions induced by fright or struggling might possibly explain the 
variability in the degree of blood dilution as estimated by the haemo¬ 
globin and the total solids of whole blood it is unlikely that this would 
explain the varying degrees of protein dilution. The constancy of the 
protein content of plasma in the control observations also supports the 
contention that these results indeed represent varying degrees of change 
in the blood volume. Bayliss and Fee [1930] have suggested from 
their work on decerebrated dogs that the amount of additional water 
in plasma is such as would be expected if the extra water were uniformly 
distributed throughout the tissues. This does not appear to be the case 
in rabbits, and two reasons why a non-uniform distribution is to be 
expected at 1J hours after water administration in rabbits may be stated. 

Firstly, whether and to what degree a blood dilution takes place 
depends partly upon a time factor operating through a system which 
may be represented diagrammatically as follows: 

Alimentary canal 

n 

Tissues ^ Plasma —► Kidneys 


Corpuscles 

It will be clear in such a system as the above that either all water 
entering the blood from the alimentary tract must be quantitatively 
and immediately removed by renal excretion or tissue absorption (very 
rarely by re-excretion into the lower alimentary tract) or a general blood 
dilution must result. The degree of a general blood dilution produced 
by a time lag in the disposal of water is not specially likely to be such as 
would be obtained by the uniform distribution of added water in the body. 

Secondly, it would appear from these results that we must consider 
the effect of the salt content of the entering water upon its distribution. 
It is highly probable that water entering the blood stream from the 
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alimentary canal has already become hypotonic saline or rapidly attains 
equilibrium with the tissues, the net result being the addition to the 
blood of hypotonic saline. 

It will be evident from Diagrams 7 and 6 that when the administra¬ 
tion of isotonic saline produces blood dilution the degrees of dilution 
as measured by the hsemoglobin and by hsematocrit readings are equal; 
whereas if a blood dilution results from the administration of water the 
change in the haemoglobin percentage is greater than the change in per¬ 
centage cell volume. 

The only reasonable interpretation of these findings is that isotonic 
saline remains in the plasma and does not penetrate the corpuscles to 
an appreciable degree, but water to which no salt is added outside the 
body is distributed between the corpuscles and the plasma, the larger 
part, however, entering the plasma. These relationships remain true when 
larger blood dilutions are produced witli the aid of pituitrin which 
diminishes the formation of urine. 

Thus averaging all the seven experiments using isotonic saline the 
haemoglobin dilution is 5*5 p.c. and the average^ cell volume dilution is 
6*0 p.c. When water is given the haemoglobin dilution averages 5*49 p.c., 
but in contrast the dilution of the cell volume is only 2*0 p.c., showing 
that a proportion of water has entered the corpus(‘les and increased their 
size: thereby the relative volumes of plasma and corpuscles are not 
altered to the same degree as is the hoBmoglobin percentage. 

It would appear justifiable to comdmle from this that the distribu¬ 
tion between the plasma and the corpuscl(‘S of extra water added to the 
blood is at least partly dependent upon the concentration of salt dis¬ 
solved therein. It is also likely that w^ater eitluu’ enters the blood as 
hypotonic saline or rapidly takes up salt from the tissues so that the 
final result is equivalent to this. Variations in the salt reserves might 
easily account in this way for diSerences in the distribution of added 
water b(^tween corpuscles and plasma. 

Nor is it unlikely that the effective salt content of added fluid normally 
influences its distribution between plasma and tissues. Thus hypertonic 
saline will cause dilution of the blood and a withdrawal of fluid from 
tissues, and conversely it is likely that the degree or at least the rate of 
penetration of water into the tissues will depeiul upon the degree of 
liypotonicity. 

Although the experiments were carried out on different animals it 
is significant that the dilution of plasma as estimated by the plasma 
proteins is greater than the dilution as estimated by the plasma chloride. 
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This must mean either that protein has left the blood or salt has entered 
it, but not in a sufficient amount to render the extra water isotonic. 

Observations on man also suggest that movements of salt occur after 
water administration, but in the direction blood to tissues. It is desired 
to treat of this in a subsequent paper. 

It will be clear from Diagrams 8, 9 and 10 that the degree of diuresis 
is not proportional to the degree of blood dilution of the substances 
under consideration, and that where any relationship exists, as would 
appear in Diagram 8 and to a lesser degree in Diagram 9, it suggests that 
dilution follows upon inadequate diuresis. It is certain that a good 
diuresis may be present with little or no general dilution of the blood, 
and in apparently normal rabbits a definite general blood dilution may 
be accompanied by a poor diuresis. It does not appear in this animal 
that diuresis is causally related to general blood dilution. This observa- 
tion is not easy to reconcile with Cushny’s theory that the composi¬ 
tion of the blood is the determinant of urinary composition and diuresis. 

On the other hand, the absence of parallelism between blood com¬ 
position and urine formation is compatible with the production of in¬ 
creased urine, being due either to the mobilization of some diuretic 
substance from the tissues or to a diminished content of the blood in 
the hormone of the pituitary body [Verney, 1926, 1929]. 

Summary. 

1. The percentage of solid substance in whole blood, the haemoglobin 
of whole blood, the percentage cell volume (by the haematocrit), the 
protein content of plasma and the chlorine content of plasma have been 
used to study changes in blood concentration. 

2. In most experiments on rabbits each one of the above yields 
evidence of some degree of blood dilution when 40 c.c. of water per 
kilogram of body weight are administered, and it is concluded from this 
that both the water content of the blood and the blood volume have 
been increased. 

3. The average degrees of dilution in similarly conducted experi¬ 
ments vary according to which substance is used as an index of dilution, 
and reasons for these differences are suggested. Thus: 


Index of dilution 

Degree of 
dilution 

(1) Percentage solid substance in whole blood ... 

... 3-5 

(2) Haunoglobin of whole blood ... 

... 20 

(3) Percentage cell volume 

... 1-9 

(4) Protein of plasma 

... 5*2 

(6) Chlorine of plasma . 

1-6 


PH. LXXV. 


7 
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4. In individual rabbits the degrees of blood dilution as estimated 
by various constituents are not uniform and may be in excess of or less 
than would be expected from an equal partition of added water among 
the water-bearing tissues of the body. 

5. The administration of water or water and pituitrin produces 
chiefly a dilution of the plasma, but the red cells also take up some water 
and are increased in size. 

6. Blood dilution produced by 0-9 p.c. saline or saline + pituitrin 
is entirely a plasma dilution. 

7. It is probable in rabbits that the dilution of blood following the 
alimentary absorption of water is in fact a dilution with hypotonic saline. 
It is likely that the effectual salt content of the added water determines 
its distribution between corpuscles and plasma, and may also affect the 
rate at which it can be taken up for temporary storage in the tissues. 

8. The degree of haemoglobin, plasma protein and total solid dilu¬ 
tion has played no significant part in determining the urinary output 
during these experiments. On the contrary, it is probable that general 
dilution of the blood is partly determined by inadequacy of the rate of 
diuresis relative to the absorption rate from the alimentary canal. 

I should like to thank Prof. Verney for his helpful criticism and 
Dr Heller for permission to include a few results from work ])erformed 
in collaboration. 

The expenses of this research were in part defrayed l>y the Government Grant Com¬ 
mittee of the Royal Society. 
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THE RESPONSES OF THE BATRACHIAN ALI¬ 
MENTARY CANAL TO AUTONOMIC DRUGS. 

RANA AND BUFO ARECOLINE^ 

By DAVID EPSTEIN. 

{From the Department of Plumnacology, University of Cape Town,) 

It has been shown in previous communications [Epstein, 1931 and 
1932] that the whole alimentary canal of Xenopus Icevis (the South 
African clawed toad) responds to arecoline and to pilocarpine (on the 
whole) with contraction, relaxation being produced by the subsequent 
addition of atropine. These responses taken in conjunction with other 
evidence led the author to conclude that the whole digestive tract of 
Xcnoptis is supplied by parasympathetic motor fibres. 

The responses to electrical stimuli and drugs of the alimentary tissues 
of other genera of Amphibia, e.g, liana and Bufo, vary considerably ac¬ 
cording to different workers. It appeared to be of interest therefore to 
re-investigate this question and to compare the results with those found 
in Xenopus, 

Experimental method. 

The method employed was similar to that introduced by Magnus. 
Excised portions of batrachian alimentary canal were suspended in baths 
containing 50 c.c. of Howell-Ringer solution (NaCl 0*7 p.c., KCl 0*03 p.c. 
and CaCl .2 0*026 p.c.), air being bubbled through at a constant rate and 
the movements of the tissues recorded graphically by means of levers. 
For further details and a list of references a previous paper should be 
consulted [Epstein, 1931]. The alimentary tissues of Rana fuscigula and 
Bufo regularis were employed in most of the experiments. Rarely, those 
of R, fasciata were also used. After the work on these animals had been 
completed, an opportunity arose of extending the investigation to include 
the small and large intestine of R, temporaria, 

^ A preliminary account apj>eared in the Proceedings of the Physiological Society, 
December, 1930. J. Physiol, 71, 5 P. 
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Experimental results. 

I. ArecoUne hydrochloride (Merck) and atropine sulphate. 

(a) (Esophagus. In all experiments arecoline (1 in 100,000 to 1 in 
50,000) produced well-marked, sustained rises in tone of the isolated 



Pig 2. CEsophaguH of B. regularis. Arccolinc (1 in />0,fK)0) cauned a rise in tone and 
augmentation of the waves. Atropine (1 in 50,000) abolished these effects and relaxed 
the tissue below its previous level. Adrenaline (1 in 2,(K)0,0(X)) caused a further rc 5 - 
laxation and BaCl 2 (l in 2000) produced contraction. 

cesophagus of R.fuscigula (Fig. 1) and of B. regularis (Fig. 2), which were 
followed by immediate relaxation on the addition of atropine (1 in 
100 , 000 ). 
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(6) Stomach. In all experiments performed on the isolated stomach 
of R.fusdgula and B. regularis arecoline (1 in 50,000 to 1 in 25,000) again 
caused a definite rise in tone or (and) an augmentation of the automatic 
waves (Figs. 3 and 4). The subsequent addition of atropine (1 in 50,000) 


'T A. . 2 ^ t 

(0 (^) ^ 3 ^ 


Fip. 3 at<»mac*h of li. fuftriyula. Showing augmentation of the waves with (1) areco- 

linc* (1 in 40,000) which was antagonized by (2) atropine (1 in 50,000); (3) banuni (1 in 
l(KK)) also augmented the waves, while (4) adrenaline (1 in 1,000,OIK)) inhibited them. 



Fig. 4. Stomach of li. rpgularia, Arecoline (1 in 50,0(K)) caused a rise in tone and augmenta¬ 
tion of the waves. Atropine (1 in 70,0(K)) partially abolished these effects, but 1 in 
30,(KK) was n^quired to antagonize the effects completely. There was a prolonged latent 
pt^riod before the onset of the actions of the drugs. 

caused inhibition of the waves or a lowering of tone or both these effects. 
In one experiment on Rana there was a transient relaxation preceding 
the rise in tone with arecoline. With the stomach of Bufo the latent 
period preceding the onset of the actions of the drugs was usually more 
prolonged than was the case in Rana. 
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(c) Duodenum. The results on the isolated duodenum of Itana 
differed from those seen in the oesophagus and stomach, for arecoline here 
produced relaxation (Fig. 5). The concentration of arecoline employed 
was usually 1 in 100,000, but the effect could be seen with a dilution of 
1 in 400,000. If the arecoline solution was replaced fairly soon by fresh 
Ringer’s solution, the tissue usually showed a rise in tone back to its 
previous level; the arecoline effect could then be repeated. If the areco¬ 
line solution was allowed to remain in the bath the tissue remained re¬ 
laxed, but occasionally the effect gradually passed off. 



Fig. 6. Duodenum of R. fuacigula. Arecoline (1 in 50,000) caused a lowering of tone, and 
a marked augmentation of the automatic waves occurred at the same time. Atropine 
(1 in 50,000) abolished the waves and caused the tissue to rise to its previous level. 
Adrenaline (1 in 1,000,000 and 1 in 300,000) had no effect, while barium caused 
contraction. 

After arecoline had produced relaxation, the addition of atropine (1 
in 60,000) usually antagonized the effect and caused the tissue to return 
to its previous level (Fig. 5). If the atropine had been applied first, it was 
able to prevent the arecoline effect. A concentration of at least 1 in 
50,000 atropine was required for this purpose. In about one-fifth of the 
experiments atropine, having been applied after arecoline had produced 
relaxation of the intestine, failed to cause a rise in tone. In these cases 
the muscular tone of the tissue was probably very poor, so that, even 
though the atropine had antagonized the inhibitory effect of arecoline, the 
muscle was unable to contract and cause the tissue to rise to its previous 
level. 

As the gut relaxed with arecoline the automatic waves were sometimes 
augmented (Fig. 5). This may simply have been a passive result of the 
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relaxation; but it sometimes seemed more like an active motor effect, for 
the first result of atropine applied at this stage was to abolish or diminish 
these waves and then cause the tissue to rise to its previous level (Fig. 5). 
On three occasions the duodenum relaxed spontaneously showing at the 
same time a similar augmentation of its automatic waves. 

In two out of forty experiments on recently caught frogs there was 
a slight transient contraction preceding the relaxation with arecoline. 
In only one case did arecoline cause simple augmentation of the auto¬ 
matic waves of the duodenum, which were later inhibited by atropine. 








Fig. 6. isolated duodenum of Rana (upper record) and of Xenopua (lower record). Both 
tissues suspended in the same bath. At arrow (1) (corresponding points on the two 
records as shown) arecoline (1 in 100,000) caused relaxation in the upper record and 
contraction in the lower one. At (2) atropine (1 in 50,000) antagonized both effects. 

Care was taken not to include the distal end of the stomach, and the 
portion of gut immediately adjacent to the entrance of the bile duct into 
the intestine was generally employed. 

The typical arecoline effects could be obtained only with the duo¬ 
denum of recently caught frogs. The question of captivity will be 
discussed in a later paper, but it can be stated here that animals, which 
had been in captivity for only 2 or 3 days, proved most suitable, and 
that after 7-10 days the results were poor and even completely absent. 

Similar results to those described above were obtained in the duo¬ 
denum of R.fasciata and R, temporaria (Fig. 10). 

Experiments performed on the duodenum of B. regularis with areco¬ 
line were indefinite. Out of eight experiments on recently caught animals 
four gave negative results (Fig. 11), two showed weak relaxation and two 
others gave slight contractions. 

(In Fig. 6 the effect of arecoline on the duodenum of R, fuscigula has 
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been compared witb its action on the duodenum of X. laevis (the South 
African clawed toad). Both tissues were suspended in the same bath. 
Arecoline relaxed the duodenum of Rana, but caused contraction of the 
same tissue in Xenopus. Both effects were antagonized by atropine.) 

(d) Jejunum and ileum. Results identical with those in the duodenum 
were obtained, arecjoline usually producing relaxation, although simple 
augmentation of the automatic waves was seen in isolated cases. 

(e) Rectum or large intestine. Using freshly caught animals the 
isolated rectum of R. fuscigula and R.fasciata responded with relaxation 
to arecoline (1 in 100,()()() to I in 50,000), atropine being able to prevent 



Fig. 7. Isolated rectum of It. faariata. Arecoline (1 in 50,000) caiiHod relaxation and atro- 
pine (1 in 50,000) abolished the effect. Adrenaline (1 in 1,000,0(X)) produced relaxation 
and barium (1 in 1000) contraction. 

or antagonize the effect (Fig. 7). On the other hand, the rectum of 
R. temporaria frequently responded with a weak contraction to arecoline. 

Experiments (tarried out with arecoline on the rectum of B. re^ularis 
gave variable results. Thus, out of eight experiments, three were negative 
and five showed a relaxation which was unaffected by atropine. 

(Figs. 8 and 9 show that arecoline produced relaxation of the rectum 
of R. fuscigula, but caused contraction of the rectum of X. laevis, while 
atropine antagonized both effects. Both tissues were suspended in the 
same bath.) 

II. Pilocarpine nitrate. 

Some experiments carried out with pilocarpine (1 in 100,000 to 1 in 
30,000) on Rana caused contraction of the stomach, but the responses 
of the small and large intestine were indefinite and negligible. 
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III. Physostigmine sulphate. 

Several experiments were performed on various alimentary tissues of 
Rana and Bufo with physostigmine (1 in 100,000 to 1 in 25,000), but the 



Fig. 8. Isolated rectum of R. ptscitjula (upper rc*cord) and of Xenopvs (lower record). Both 
tissues in same tank. At (1) arecoline (I in 1U0,(X)0) simultaneously caused relaxation 
of upper rt'cord and contraction of lower one. At (2) atropine (1 in 50.(X)0) abolished 
both effects. 



Fig. 9. Rectum of R, Jusngula (upper record) and of Xenopua (lower record). Both tissues 
in same tank. At I physostigmine (1 in 50,000) had no effect on either of the tissues. 
At II arecoline (1 in 70,000) caused relaxation of the upper tissue and contraction of 
the lower one. At III atropine (1 in 50,000) abolished the respective effects of arecoline 
on each of the tissues. 

results were always negative (Fig. 9), except for one case on the 
duodenum, in which a slight relaxation was noted. Fiihner [1918] 
also failed to obtain any responses with physostigmine on the stomach 
of the frog. 
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IV. Adrenaline. 

Several experiments were performed with adrenaline on each portion 
of the alimentary canal of Rana and Bufo, and relaxation of each tissue 



Fig. 10. Isolated duodenum of R. temporaria. Nicotine (1 in 100,000) caused a contraction 
followed by a relaxation below the previous level. Several minutes later arecollne was 
also added to give a concentration of 1 in 100,000. The arecolino caused typical in¬ 
hibition of the intestinal movements, which was antagonized by atropine (1 in 45,000). 
The level was raised slightly between the first and second parts of the record. Time 
intervals 30 min. 
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Fig. 11. Isolated duodenum of B. regularis. The effects of arecoline (1 in 50,000) and 
atropine (1 in 60,0(X)) were negligible or nil; adrenaline (1 in 1,000,000) caused a very 
marked relaxation and barium chloride (1 in 1000) a powerful contraction. The animal 
had been caught only 6 days before. 

was generally produced (Figs. 1, 2, 3, 7 and 11). In one experiment the 
isolated oesophagus of Rana gave a preliminary weak contraction. A 
concentration of 1 in 1,000,000 adrenaline was usually employed, but 
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definite relaxation could be produced with 1 in 100,000,000. In some of 
the experiments on the duodenum of R. fuscigula adrenaline failed to 
relax the tissue (Fig. 6). 

V. Barium chloride. 

Barium chloride in concentrations of 1 in 2000 to 1 in 1000 caused a 
strong contraction of each portion of the alimentary canal of Rana and 
Bufo (Figs. 1, 2, 3, 5, 7 and 11). 

VI. Nicotine, 

Nicotine tartrate and hydrochloride in concentrations of 1 in 200,000 
to 1 in 25,000 were employed on the small and large intestine of Rana, 
The weaker strengths frequently caused contraction, which was followed 
sometimes by relaxation below the previous level (Fig. 10). The stronger 
concentrations usually caused relaxation only. Even after these large 
doses of nicotine had been applied, the subsequent addition of arecoline 
was still able to produce its typical effect, viz. relaxation of the duodenum 
and rectum of R, fuscigula, and the duodenum of R, temporaria (Fig. 10). 

Discussion and conclusions. 

(Esophagus and stomach. 

It has been shown in the present series of experiments that weak con¬ 
centrations of arecoline cause contraction of the oesophagus and stomach 
of Rana and Bufo, These effects can be antagonized by atropine but are 
unaffected by ergotamine. Further, the arecoline effects agree with the 
results seen when the parasympathetic nerves to the oesophagus and 
stomach are stimulated electrically. It would therefore seem justifiable 
to conclude that arecoline has stimulated the parasympathetic nerves 
supplying these organs and that the parasympathetic nerve supply here 
consists chiefly of motor or excitatory fibres. 

Small and large intestine. 

On the other hand, on the small and large intestine of R, fuscigula 
and R.fasciata and the small intestine of R, temporaria, arecoline (in the 
same weak concentrations) produces relaxation. This effect can be 
antagonized by atropine. Since the arecoline inhibition can still be pro¬ 
duced after large, paralysing doses of nicotine (Fig. 10), it can be assumed 
that the arecoline action is not on the intrinsic ganglia of the gut, but 
must be situated peripheral to these structures, viz. on the nerve ends or 
the muscle tissue itself. 
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In attempting to localize more definitely the inhibitory effects of 
arecoline on the small and large intestine of Rana various hypotheses 
have been considered: 

(1) Arecoline may be acting as a direct depressant of muscle tissue. 

(2) The drug may have transferred its action from the parasym¬ 
pathetic to the sympathetic nerve endings, or 

(3) it is possible that parasympathetic inhibitory fibres arc present 
in the small and large intestine of Rana and that arecoline is acting upon 
them. 

(1) Muscle hypothesis. The rapidity with which the arecoline relaxa¬ 
tion comes on suggests nervous rather than muscular action. The effect 
has been seen with concentrations of arecoline as low as 1 in 400,000, and 
with such concentrations any muscular depressant effect will be negli¬ 
gible. Further, the action is antagonized by atropine, while concentra¬ 
tions of 1 in 2000 arecoline (which have a depressant action on muscle) 
are frequently unaffected by atropine. Also, the contraction with barium 
is unaltered by the previous application of weak strengths of arecoline. 
It would therefore seem justifiable to dismiss the muscular hypothesis 
and to seek an explanation for the arecoline effects in the other hypo¬ 
theses mentioned above. 

(2) Sympathetic hypothesis. The contractions of the cr^sophagiis and 
stomach of Rana with arecoline have been attributed to an action of the 
drug on the parasympathetic motor system, while according to the hypo¬ 
thesis under consideration the relaxation of the small and large intestine 
by arecoline can be explained by claiming that the drug has transferred 
its site of action from the parasympathetic to the sympathetic nervous 
system. It has been shown by Cushny [1910] and others that a para¬ 
sympathetic stimulant may in certain organs as a whole and under special 
circumstances act on the sympathetic system, but it seems unlikely that 
a drug would vary so greatly as to act on the parasympathetic in the 
upper half of the alimentary canal and to transfer its action to the 
sympathetic system in the lower half. 

Further, the occasional failure of the duodenum of R. fusciguUt to 
respond to adrenaline suggests the inactivation (and possibly the absence) 
of the sympathetic in these cases, and since arecoline is still able to relax 
the tissue in these experiments it would seem that the drug must be 
acting on some nervous mechanism other than the sympathetic, i.e. it 
is probably acting on the i)arasympathetic nervous system. 

Finally, it has been demonstrated that when frogs of the genus Rana 
are kept in captivity for long periods, the arecoline relaxation of the 
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intestine fails to be obtained, but the relaxation with adrenaline at this 
time is frequently still present, which suggests that arecoline and 
adrenaline cannot be acting on the same sites, i.e. while adrenaline 
stimulates the inhibitory sympathetic, arecoline probably acts on the 
parasympathetic system. 

(3) Inhibitory parasympathetic hypothesis. According to this hypo¬ 
thesis the actions of arecoline can be explained as follows: the oesophagus 
and stomach of Rana receive only (or chiefly) motor fibres from the para¬ 
sympathetic system, and arecoline by stimulating their nerve endings 
produces contraction of these alimentary tissues. On the other hand, the 
small intestine (and the large intestine of certain species of Rana) can be 
regarded as receiving from the parasympathetic system inhibitory fibres 
chiefly, and it is by stimulating these fibres that arecoline causes re¬ 
laxation of the tissues concerned. The points considered under the 
previous hypothesis also seem to indicate that arecoline has acted on 
parasympathetic inhibitory fibres in the intestine. 

Previous workers have shown that parasympathetic inhibitory fibres 
are present in the oesophagus of the frog [Goltz], and in the stomach of 
the mammal [Langley, 1898; May and Elliott], frog [Hopf and 
Dixon] and turtle [Bercovitz and Rogers], so that their presence in 
the intestine of the frog seems possible. 

The fact that a somewhat larger dose (1 in 50,000 at least) of atropine 
is required to paralyse the parasympathetic inhibitory fibres than the 
motor fibres (1 in 100,000 or less) of the frog’s intestine, agrees with the 
findings of Langley [1898] and others in the case of the mammalian 
stomach. 

The hypothesis under consideration is able to explain different 
phenomena as being due to a single drug acting on different parts of the 
same mechanism, and, until disproved, seems more acceptable than a 
theory which has to explain the actions by calling in the aid of two or 
more systems. 

The preliminary contraction of the frog’s intestine sometimes seen 
with small concentrations of nicotine may be due to an action of the drug 
on parasympathetic motor fibres present in the intestine but so few in 
number as to be usually masked by the action of the more powerful or 
more numerous inhibitory fibres. The occasional augmentation of the 
automatic waves, which accompanies the relaxation of the intestine 
produced by arecoline, could be explained in the same way. The para¬ 
sympathetic nerve supply to the intestine of Rana can therefore be con¬ 
sidered as containing an intermixture of motor and inhibitory fibres, the 
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inhibitory fibres, however, being greatly in the majority. Langley 
[1910] found that electrical stimulation of the sacral autonomic nerve 
fibres caused contraction of the rectum of R. temporaria accompanied 
by a preliminary elongation or relaxation, which also suggests an inter¬ 
mixture of fibres. Such intermixtures of motor and inhibitory fibres in 
parasympathetic nerves have been shown to occur in the vagus nerve 
supplying the cat’s heart [Dale, Laidlaw and Symons], in the vagus 
nerve to the bronchioles of the cat [Brodie and Dixon] and in the pelvic 
nerve supplying the cat’s urinary bladder [Langley, 1910a]. It is 
possible that such intermixtures of motor and inhibitory fibres in para- 
sjunpathetic nerves occur more frequently than is at present suspected, 
and their demonstration may serve to explain results which at present 
are difficult to explain on a satisfactory basis. 

From the results obtained by the application of various drugs 
(especially arecoline and atropine) to the alimentary canals of Ram, 
Bnjo and Xenopus (for the results in Xenopus see a previous paper 
[Epstein, 1932] and also Figs. 6,8 and 9) the author has concluded that 
the parasympathetic nerve supply to the digestive tracts of these genera 
of amphibia is as follows; 

The oesophagus and stomach of Ratia, Xenopus and Bufo receive from 
the parasympathetic nervous system motor fibres chiefly. 

The small and large intestine; (a) in Ram the parasympathetic 
supply to the small intestine is inhibitory chiefly, while in the large in¬ 
testine of some species it is again mainly inhibitory, but in others is 
chiefly motor; (6) in Xenopus the small and large intestine (like the 
oesophagus and stomach) receive mainly motor fibres from the para¬ 
sympathetic (Figs. 6, 8 and 9); (c) while in the small and large intestine 
of Bufo the results have not been sufficiently decisive to allow of definite 
conclusions being drawn. 

The results in Table I show the predominant type of the nerve supply 
from the parasympathetic system. 

Table I. Parasympathetic nerve supply of batrachian alimentary canal. 


Genus 

(Esophagus 

Stomach 

Small intestine 

Large intestine 

Bam 

Motor 

Motor 

Inhibitory 

Inhibitoiy in some species, 





motor in others 

Xtnopua 

Motor 

Motor 

Motor 

Motor 

Bufo 

Motor 

Motor 

? 

? 
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SUMMAEY. 

The responses to autonomic drugs of the excised alimentary canals 
of various genera and species of Amphibia have been investigated. 

From the results it has been concluded that in Ram the parasym¬ 
pathetic nerve supply to the oesophagus and stomach consists chiefly of 
motor fibres, while in the small intestine and (in certain species) in the 
large intestine too the parasympathetic fibres are mainly inhibitory. 

In Bufo the parasympathetic supply to the oesophagus and stomach 
contains chiefly motor fibres also. No definite conclusions as to the para¬ 
sympathetic supply to the small and large intestine of Bufo could be 
made. 

The author wishes to express his indebtedness to Prof. J. W. C. Gunn 
of Cape Town University for the interest taken in this work, to Prof. 
J. A. Gunn of Oxford for the use of his laboratory to extend the in¬ 
vestigations, and to Mr G. S. Grace, B.A., of Oxford, for assistance in 
carrying out some of the experiments on the intestine of R. temporaria. 
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PHYSIOLOGICAL LEUCOCYTOSIS. 

The variation in the leucocyte count during rest and exercise, 
and after the hypodermic injection of adrenaline. 

By HAROLD ERIC MARTIN. 

(Fro7n the Manchester Royal Infirmary.) 

Little is known concerning the normal variation of the leucocyte count. 
The following investigation was carried out to define the normal range of 
variation and the factors on which it depends as a preliminary to the 
study of WidaTs hsemoclasic test for hepatic efficiency. 

The Thoma-Zeiss method of counting leucocytes was found to be 
insufficiently accurate for this work, and the method adopted was a 
modification of that of Szabuniewiez [1928] and Shaw [1925]. The 
blood was withdra wn from a puncture on the dorsum of the finger, with¬ 
out squeezing, into a Thoma-Zeiss pipette. Three p.c. acetic acid was 
added to give a dilution of 1 in 20; the solution was shaken in a mechani¬ 
cal shaker, and counted in a Fuchs-Rosenthal counting chamber. 
Two chambers were filled and counted from each sample. The root mean 
square error of this metliod is 3*7 p.c, as compared with 17*5 p.c. in the 
Thoma-Zeiss method of enumerating leucocytes. 

[. The normal variation in the leucocyte count during rest. 

Hasselbalch and Heyerdahl [1908] and Ellermann and Er- 
landsen [1911] have both shown that changes of posture cause a varia¬ 
tion in the leucocyte count. Recently Garrey [1929] has found that a 
recumbent position with complete physical and mental relaxation re¬ 
duced the leucocyte count to a minimum which, in the eighty subjects 
investigated, lay between 5000 and 6000. 

It was therefore deemed advisable to keep the patients recumbent 
and in a condition of absolute rest throughout the course of the experi¬ 
ments. For this reason convalescent patients without any organic lesion 
were selected as being more easily induced to lie quietly than healthy 
persons. 
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The patients, with one exception, were confined to bed during the 
whole of the day of the experiment. They were allowed light diet, being 
fed at 5.30 a.m., 12.30 p.m., and 3.30 p.m. Milk was given at 9.0 a.m. 
and 6.30 p.m. At 4.30 p.m. they were allowed to sit up and wash them¬ 
selves. Six samples were taken from each patient. The times of sampling 
were spaced out between the hours of 10.0 a.m. and 8.0 p.m., the period 
between noon and 2.0 p.m. being avoided, owing to the possibility of 
post-prandial leucocytosis occurring during this period (Table 1). 

Table I. The variations in the leucocyte count during physiological rest. 

Two typical cases selected from a series of 12. 

lA>ucocytcs per c.nim. blood 


Time 

Case r> 

Case 9 

11 a.m. 

5,000 

12,200 

12 noon 

0,100 

13,100 

p.m. 

4,000 

— 


— 

12,.300 

„ 

5,800 

12.‘)00 


5,500 

13,000 

7 „ 

5,800 

13,500 


The maximum and minimum counts for each case, together with 
their difference, are given in Table 11. 


Table II. 


Case 

Maxim urn 

Minimum 

Difference' 

1 

8,500 

0,400 

2,100 

2 

7,200 

0,200 

1,000 

3 

13,200 

10, Km 

3,100 

4 

7,800 

7,300 

500 

5 

0,1(M) 

4,000 

1,5(H) 

0 

11,200 

8,100 

3,100 

7 

0,400 

5,500 

900 

8 

0,500 

5,400 

1,100 

9 

13,000 

12,200 

1,400 

10 

10,000 

8,400 

1,000 

11 

8,700 

5,000 

3,100 

12 

7,000 

5,900 

1,700 


Analysis of the results obtained. 

The difference between the maximum and minimum counts in Cases 
Nos. 2, 4, 7 and 8 are relatively small, being 1000, 500, 900 and 1100 
respectively. No conclusion is possible from Case 2, since the readings 
were not continued into the evening, the period when the maximum 
count is frequently obtained. All four patients were constantly quiet and 
placidly lay on their backs without varying their position or talking. 
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Case No, 1 was asleep at 2.30 p.m. and had to be wakened, and for 
the remainder of the day she was quite vivacious. Her count was at a 
minimum at 2.30 p.m. and steadily rose during the evening. 

Case No, 3 was found sitting up at 4.0 p.m. During the latter part of 
the evening she was wide awake and reading. Her curve showed a peak 
at 4.0 p.m., and a considerable rise during the evening. 

Case No, 6 was allowed up in the early morning, going to bed about 
8.0 a.m. She went to sleep in the late afternoon. Her temperature chart 
showed a slight evening fall on the day of the experiment. Her leucocyte 
count was at a maximum in the morning and fell progressively tlirough 
the day. 

Cases Nos, 1, 3, 4, 5, 9, 10 and 11 showed a definite rise, and Cases Nos, 
7, 8 a7id 12 a doubtful rise between 4.0 p.m. and 8.0 p.m. Case 6 alone 
shows a definite fall, and this has already been discussed. There is a 
definite fall between 2.0 p.m. and 4.0 p.m. in 75 p.c. of the cases (Nos. 1, 
2, 3, 4, 5, 8, 9,10), the minimum reading most frequently occurring during 
this period. 

An observation of ward routine indicated that the early afternoon 
was the quietest part of the day. During this time the ward was run with 
a minimum staff, and many of the patients were asleep. In the late 
afternoon and early evening, however, the patients were washed and the 
l)eds were made. 

Thus it will be seen that the leucoc}i:e counts are at a minimum during 
the period when the patients' condition approximates most nearly to 
complete physiological repose and tend to rise with increase in the mental 
and physical activity of the patients. The leucocyte count, like tempera¬ 
ture, tends to rise in the late afternoon and early evening, this being 
regarded physiologically as the most active part of the day. 

In the observation of an afternoon rise, the work of both Sabin and 
co-workers [1925] and Shaw [1927] was confirmed. There is nothing in 
the above results to suggest the presence of the larger hourly oscillations 
observed by these workers. Since these individual oscillations were 
almost as great as the afternoon rise one would have expected them, had 
they occurred in the present investigation, to have caused considerable 
irregularity in the curves. Although the counts, in this work, were taken 
at longer time intervals than those of Sabin and Shaw, the irregular 
periods at which the readings were taken, and the larger number of cases 
investigated, preclude the possibility that the curve might be smooth, 
because each time it crossed the hypothetical oscillatory curve the latter 
was in the same phase. 
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In this section the diurnal variations in the leucocyte count have 
been investigated and the results obtained indicate that these variations 
depended upon the general activity of the subject. 

It was decided next to determine the effects of exercise upon the 
leucocyte count. 

II. The effect of exekcise on the leucocyte count. 

The following experiments were carried out upon apparently healthy 
female massage students aged 18-20 years. Before the beginning of each 
experiment the subjects were rested for a period of half an hour. Severe 
gymnastic exercises involving the muscles of the legs and trunk were 
used. These were carried out under the supervision of an instructress, and 
as far as possible they were maintained at the same degree of severity 
throughout the experiments. In order to prevent any error in the count 
due to congestion of the hands, the use of the arms w^as avoided. 

In Cases 13-24 (Tables III and IV) a blood sample was taken from 
the resting patient, 5 min. exercise was performed and a second sample 
of blood taken immediately afterwards. 

Table HJ. In (>asts 13-18 exercise was carried out for 5 min. 

CasL‘ 13 IS given as representative of this series. 

Miu. after beginning of exp€*riment 
0 5 

-^ __A._ 


Cast' 13 

p.c. 

Total 

p.c. 

Total 

Poly moiphon uclears 

60-4 

3624 

66-50 

4916 

Lymphocytes 

32-6 

1956 

39-25 

3415 

Large mononuclears 

5-8 

348 

3-50 

305 

Eosinophils 

0-8 

48 

0-75 

66 

Basophils 

0*4 

24 

Nil 

Nil 

Total 


6000 


8700 


Table IV. In experiments 19-24 exercise was carried out for 2i min., a blood sample was 
taken as rapidly as possible and a further 2^ mm. exercise performed. C^ase 19 is 
representative. 

Min. after beginning of experiment 





6 

A 

2-5 

5 

Case 19 

p.c. 

Total 

p.c. 

Total 

/ 

p.c. 

Total 

Poly morphon u clears 

55-75 

5,129 

55-0 

5,776 

52*25 

6,113 

Lymphocytes 

33-50 

3,082 

34-76 

3,649 

36*76 

4,183 

Large mononuclears 

6-60 

598 

8-50 

893 

7*50 

*878 

Eosinophils 

Basophils 

3-75 

0*60 

345 

46 

1*50 

0-26 

158 

26 

4*60 

Nil 

527 

Total 


9,200 


10,600 


11,700 
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Table V. In the following oases: Exercise during first 6 min. Subject resting between 6 
and 35 min. Splenectomy had been performed on Case 26, four years previously, for 
a cystic tumour of the spleen. 

Min. from beginning of experiment 






d 


5 


35 

Cases 

p.c. 

Total 

p.c. 

Total 

p.c. 

Total 

Polymorphonuolears 

67-50 

4,815 

62-50 

5,316 

67-00 

4,606 

Lymphocytes 

21-00 

1,498 

2500 

2,126 

25-00 

1,718 

Large mononuclears 

9-00 

642 

9-00 

765 

7-00 

481 

Eosinophils 

2-00 

142 

3-00 

255 

1-00 

69 

Basophils 

0-50 

36 

0-50 

43 

Nit 


Total 


7,133 


8,505 


6,874 

Polymorphoiiuclears 

60-50 

8,157 

56-3 

9,443 

68-50 

9,494 

Lymphocytes 

35-25 

4,752 

39-0 

6,541 

27-75 

3,846 

Large mononuclears 

3-75 

5(J6 

4-2 

704 

3-00 

416 

Eosinophils 

0-25 

34 

0-3 

50 

0-25 

35 

Basophils 

0-25 

34 

0 2 

34 

0-50 

69 

Total 


13,482 


16.77'2 


13,860 


Table VI. In the following cases: Exercise during first 5 min. and between 35 and 40 min. 
Subject resting between 5 and 35 min. and between 40 and 70 min. 


Min. from beginning of expenment 




o' 


5 

35 

40 

-^ 

70 
















_ 







Cases 

p.c. 

Total 

p.c. 

Total 

p.c. 

Total 

p.c. 

Total 

p.c. 

Total 

Polymorphonuclears 

7(1 25 

6,688 

60-00 

6,860 

77-00 

6,409 

72-00 

8,719 

— 

— 

Lymphocytes 

23-75 

2,261 

37-25 

4,253 

19-25 

1,602 

26-00 

3,149 

— 

— 

Large mononuclears 

4-00 

381 

2-50 

285 

3-25 

270 

2-00 

242 

— 

— 

Eosinophils 

1-75 

166 

0-25 

29 

0-60 

42 

Nil 

— 

— 

— 

Basophils 

0 25 

24 

Nil 

— 

Nil 

— 

Nil 

— 

— 

— 

Total 


9,520 


11,417 


8,323 


12,110 


— 

Polymorphonuolears 

68-50 

4,397 

43-25 

3,851 

57-00 

3,140 

55-50 

4,596 

— 

— 

Lymphocytes 

26-75 

1,717 

53-00 

4,719 

38-50 

2,121 

36-50 

3,022 

— 

— 

Large mononuclears 

3-50 

225 

2-50 

223 

3-00 

165 

6-00 

497 

— 

— 

Eosinophils 

1-25 

80 

1-25 

111 

1-50 

83 

2-00 

166 

— 

— 

Basophils 

Nil 

— 

Nil 

— 

Nil 

— 

Nil 

— 

— 

— 

Total 


6,419 


8,904 


6,509 


8,281 


— 

Polymorphonuolears 

76-00 

5,028 

57-00 

5,506 

65-00 

4,555 

53-00 

5,777 

69-26 

5,061 

Lymphocytes 

20-50 

1,356 

33-50 

3,236 

30-0 

2,102 

40-50 

4,414 

27-25 

1,991 

Large mononuclears 

2-00 

132 

7-50 

725 

4-0 

280 

6-00 

654 

2-75 

201 

Eosinophils 

1-60 

99 

2-00 

193 

1-0 

70 

0-25 

27 

0-76 

55 

Basopmls 

NiL 

— 

Nil 

— 

Nil 

„“Z1_ 

0-25 

27 

Nil 

— 

Total 


6,616 


9,060 


7 ",007 


10,899 


7,308 

Polymorphonuolears 

52-50 

3,613 

50-00 

4,449 

54-26 

3,752 

62-60 

4,987 

52-00 

3,724 

Lymphocytes 

43-50 

2,911 

44-75 

3,981 

41-75 

2,887 

31-75 

2,634 

46-00 

3,294 

Large mononuclears 

3-25 

218 

3-75 

333 

3-50 

242 

4-75 

379 

1-00 

71 

Eosinophils 

0-75 

50 

0-75 

67 

0-60 

35 

1-00 

80 

0-60 

36 

Basophils 

Nil 

— 

0-75 

67 

Nil 

— 

Nil 

— 

0-60 

36 

Total 


6,692 


8,897 


6,916 


7^980 


7,161 
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In Cases 25 and 26 (Table V) the subject was then rested in the sitting 
posture for 30 min. and a third sample of blood taken 35 min. after the 
beginning of the experiment. 

In Cases 27 arid 28 (Table VI) further exercises were performed 
between 35 and 40 min. from the beginning, a fourth sample being taken 
at 40 min., and in Cases 29 and 30 a fifth sample was taken after a second 
rest of 30 min. 

To determine whether the leucocytes steadily increased throughout 
the exercise a series of experiments (Cases 19-24) was carried out in 
which a count was made after 2^ min. exercises and the exercise im¬ 
mediately continued for a further 2| min., a second count being tlien 
taken. 

The differential counts in all the experiments are based upon the 
enumeration of 400--600 cells. In Table VII is given the actual increase 


Table VII. Summary. Effect of exercise on the leucocyte^ count. 



Total leucocytes 
increase 

Polymorpbonuclears 

increase 

Lymphocyt(‘S 

increase 

Cases 

Actual 

p.c. 

Actual 

p.c. 

Actual 

p.c. 

13 

2700 

45 

1300 

30 

1500 

75 

14 

- 1000 

- 7 

- 500 

- 0 

- 700 

- 16 

15 

2200 

23 

100 

2 

1900 

71 

1 (» 

3700 

41 

1800 

35 

1800 

59 

17 

1200 

17 

400 

9 

300 

18 

18 

3000 

33 

1100 

20 

1600 

54 

19 

2500 

27 

1100 

21 

1100 

36 

20 

1700 

16 

45 

1 

1900 

86 

21 

2500 

28 

200 

4 

2100 

82 

22 

3300 

31 

1000 

14 

1000 

47 

23 

2300 

35 

900 

20 

1400 

76 

24 

1300 

22 

- 30 

- 1 

1300 

67 

25 

1400 

19 

500 

10 

600 

42 

20 

3300 

25 

1300 

16 

1800 

38 

Ist exorcise 

1900 

19 

200 

2 

2000 

88 

2 nd „ 

3800 

45 

2300 

36 

1500 

97 

Ist „ 

2500 

39 

- 500 

-12 

3000 

175 

2 nd „ 

2800 

50 

1500 

46 

900 

42 

Ist „ 

3100 

48 

500 

12 

1900 

138 

2 nd „ 

3900 

55 

1200 

26 

2300 

no 

1 st „ 

2200 

33 

900 

27 

1100 

37 

2 nd „ 

1100 

15 

1200 

33 

- 400 

- 12 


per c.mm. and also the percentage increase of the total leucocytes, poly¬ 
morphonuclear leucocytes and lymphocytes. In calculating the per¬ 
centage values the actual number of each type of cell in one c.mm. of 
blood, before the exercise, was taken as 100 p.c. 

To elucidate further the source of the polymorphonuclear leucocytes 
Schilling counts were performed in a selection of the cases (Table VIII). 
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Myelocytes 

No, per 

Sample p.c. c.mm. 

Casp^ 13 

First -- 

Second — 

Case Iti 
First 

Second - — 

Case 18 

First — 

Second —■ 

Case 2<i 

First — 

Second — 

Case 27 
Third 

Fourth - - 

Discussion. 

In all the experiments except Case 14 there was a rise in the total 
leucocyte count after 5 min. exercise varying from 15*75 to 48*0 p.e. and 
averaging 27*4 p.c. 

Case 14 showed a fall in the total white (jells, polymorphonuclears and 
lymphocytes and a rise in the large mononuclears. The subject was very 
stout, and mentally and physically lethargic. On inquiry it was found 
that her condition bad been diagnosed as one of thyroid deficiency, and 
treated intermittently since childhood with thyroid extract. The treat¬ 
ment had been discontinued for the *1 months preceding the experiment. 

In Cases 25“3() the exercise w^as followed by 30 min. rest, after which 
the leucocytes had fallen to approximately the normal value. Further 
exercise in Ca^ses 27-30 caused a second rise which was sometimes 
greater, sometimes less than the first. During a second 30 min. rest in 
Cases 29 and 30 the counts again returned to roughly the normal value. 

All types of cell contributed to the rise in the total leucocyte count, 
but the lymphocytes showed the greatest relative increase. The poly¬ 
morphonuclear leucocytes showed an average increase of 11*67 p.c. after 
the first exercise. In Cases 24 and 28 there w^as a fall of 0*81 and 12*5 p.c. 
respectively in the count of these cells. The former figure lies within the 
experimental error. 

After the second exercise there was in all cases a more marked 


Table VIII. 

Metamyelocytes 

^-A-^ Segmented poly- 

Juvenilea “Band’’forms morphonuclears 


p.e 

No. per 
c.mm. 

p.c. 

No. per 
c.mm. 

p.c. 

No. per 
c.mm. 

_ 

_ 

4-2 

252 

56-2 

3372 

~ 

— 

70 

009 

49-5 

4307 

0-5 

45 

1-5 

135 

54-5 

4905 

0 25 

32 

4-75 

003 

49-25 

6255 



7 0 

030 

50-5 

4545 

15 

180 

(r75 

810 

43-75 

5250 

__ 


3-25 

439 

57-25 

7729 

— 

- 

35 

588 

53-0 

8904 

_ 


2 5 

208 

74-5 

0183 


— 

20 

242 

70-0 

8470 
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increase of polymorphonuclear leucocytes averaging 35*18 p.c. The 
lymphocytes yielded an increase after the first exercise varying from 18*4 
to 175 p.c. and averaging 65 p.c. During the second exercise there was 
an increase in lymphocytes in all except Case 30. In this the lympho¬ 
cytes continued to fall at approximately the same rate as they had been 
doing during the preceding rest period. It seemed as though the me¬ 
chanism which caused the liberation of lymphocytes had been exhausted 
during the first exercise. It was discovered that the subject had been 
suffering from amenorrhoea and nervous instability for the preceding six 
months. Thyroid deficiency was diagnosed, and thyroid extract was being 
administered at the time of the experiment. 

There was an increase during exercise of large mononuclears in 
fourteen and of the eosinophils in thirteen of the total eighteen cases 
examined. Owing to the large experimental error resulting from the 
small numbers of these cells counted, it was not possible to obtain a 
numerical estimate of their increase. 

Case 26 was a splenectomized patient who reacted to exercise in 
exactly the same way as a normal subject: the observed leucocytosis is 
therefore not due to splenic contraction. 

As the relative numbers of the different type of leucocytes vary during 
exercise, the observed leucocytosis cannot primarily be due to the con¬ 
centration of the blood cells resulting from the passage of blood plasma 
into the tissue, or to the washing out into the blood stream of cells which 
have been trapped in quiescent capillaries. 

In order to determine whether the leucocyte increase during exercise 
was due to the passage into the blood stream of immature cells from the 
bone marrow. Schilling counts have been carried out on selected cases, 
and the results are given in Table VIII. The increase in the polymor- 
phonuclears was made up mainly of the mature leucocytes, but there was 
a small increase in the “band” forms, which indicates that the cells were 
probably liberated from the bone marrow. Since exercise is a normal 
physiological condition, a large influx of immature cells into the circula¬ 
tion is hardly to be expected, as they are rarely present in normal blood. 

In Table IX is given the increase in total leucocytes, polymorpho- 
nuclears and lymphocytes during the first and second halves of a 5 min. 
period of exercise. In all the.experiments except No. 22 the increase of 
all these cells was more marked during the first than during the second 
half of the exercise. In Case 22 the increase of the total leucocytes and 
polymorphonuclears was much greater during the latter half of the 
exercise. During the latter half of the exercise there was a fall in the 
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Table IX. Leucocyte counts taken in the middle of a period of 5 min. exercise. 

I. = Increase during first half of exercise. 

II = Increase during second half of exercise. 

Total leucocytes Polymorphonucloars Lymphocytes 

increase increase increase 


Case 

Actual 

p.c. 

Actual 

p.c 

Actual 

p.c. 

19. 1. 

1301 

14-80 

040 

120 

557 

18-1 

11 . 

1200 

11-9 

.338 

5-88 

534 

14-05 

20. I. 

2501 

23-2 

1048 

13-4 

1004 

77-2 

11 . 

- 801 

- ()-02 

- 1003 

-11-35 

+ 207 

5-4 

21. I. 

2301 

20-25 

273 

4-87 

1872 

72-0 

11 . 

100 

0-9 

- 03 

- 1-05 

250 

5-6 

22 . 1. 

898 

8*4 

21 

20-8 

013 

28-7 

11 . 

2402 

20-7 

2011 

25-0 

397 

14-4 

23. 1. 

2200 

33-3 

484 

9-94 

1399 

70-2 

IJ. 

100 

11-35 

412 

8-4 

- 8 

- 0-25 

24. I. 

900 

15-00 

120 

30-1 

793 

40-7 

11 . 

400 

58-0 

- 147 

-42-0 

500 

18-45 


total leucocytes in Case 20, a fall in the polymorphonuclears in Cases 20, 
21 and 24 and a fall in the lymphocytes in Case 23. 

In spite of every effort made to keep the severity of the exercise 
uniform during the whole of the experiment, it is probable that the 
subject tends to get tired and unconsciously to put less energy into the 
exercise during the latter part of the experiment. This is a possible 
explanation of the diminished increase in the leucocji^e count as the 
exercise proceeds. 

III. Variations in the leucocyte count following 

THE HYPODERMIC INJECTION OF ADRENALINE. 

In the previous section it has been shown that exercise causes a rise 
in the leucoc}i}e count of the blood with a relative lymphocytosis. A 
leucocytosis following emotional disturbances has been demonstrated by 
Menkin [1928] and Barcroft [1930] in animals, and by Garrey [1929] 
in human beings. 

As it is known that adrenaline is secreted into the blood during both 
excitement and exercise, it seemed possible that the above phenomena 
might be due to adrenaline causing contraction of the spleen and lymph 
glands of the body. It was therefore decided to investigate the effect of 
the subcutaneous injection of adrenaline on the leucocyte count. 
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Historical summary. 

Very little work appears to have been done on the effect of adrenaline 
upon the leucocytes. 

Camus and Pagniez [1908], in a paper on the relationship of arterial 
pressure and blood cells, quoted an experiment by Loe per and C ran z on, 
in which the injection of adrenaline was found to produce a rise in blood- 
pressure followed by a leucocytosis. The experiment was not repeated by 
Camus and Pagniez and the reference to the original paper was not 
given. 

Yang [1928] investigated the influence of the hypodermic injection 
of adrenaline upon the spleen and upon the blood picture in four cases 
of splenomegaly, two cases after splenectomy and two normal subjects. 
He observed splenic contraction and a leucocytosis in all cases. The cases 
with splenomegaly showed no change in the diflerential count, the 
splenectomized cases yielded a marked, and the normals a slight leucocy¬ 
tosis. The normal cases were not well chosen: one was suffering from a 
considerable neutrophil leucocytosis due to a septic infection, and in all 
cases the different types of cells were left as percentages and not worked 
out as the actual number per c.mm. 

Experimental, 

In this work a 1 in 1000 solution of adrenaline chloride prepared by 
Messrs Parke, Davis and Co. was used. The solution was always obtained 
from a freshly opened bottle of a recently prepared batch. All the in¬ 
vestigations were carried out on convalescent patients, who were kept 
recumbent in bed. No food was allow’ed during the experiment. The 
blood samples were taken from the hand opposite to the arm into which 
the adrenaline had been injected. The cell-counting techni(jue was the 
same as that employed in the work on the leucocytosis caused by exercise. 
Blood samples were taken immediately before, and at specified time 
intervals after the hypodermic injection of the adrenaline. 

Fourteen cases were examined and the results obtained arc given in 
Table X. Cases 8 and 13 were subjects upon wdiom a splenectomy had 
been performed. Schilling counts were carried out on a selection of 
cases (Table XI). 

In order to make sure that the results obtained were due to the adrena¬ 
line injected, and not to adrenaline secreted by the patient in the excite¬ 
ment of the experiment, a series of control experiments was performed 
in which distilled water was injected instead of adrenaline (Table XII). 
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Table X. The effect of the hypodermic injection of adrenaline on the blood count. The 
first count was taken immediately before the injection. The following are representa¬ 
tive counts selected from a series of fourteen cases. 


Min. 

after 

miec- 


Total 

leuco¬ 

cytes 

per 


Polymorphs Lymphocytes 


L. mono¬ 
nuclears 


Eosinophils Basophils 


tion 

c.inin. 

p.c. 

Total 

p.c. 

Total 

p.c. 

Total 

p.c. 

Total 

p.c. 

Total 

6Wc 1 

0 

9,000 

70-5 

6,350 

23-16 

2,080 

4-5 

405 

1-83 

165 

_ 

_ 

10 

8,100 

55-5 

4,496 

39-5 

3,200 

3-25 

263 

1-25 

101 

0-5 

40 

20 

13,300 

53-6 

7,129 

40-5 

5,387 

3-83 

409 

1-33 

173 

0-5 

79-8 

40 

13,000 

66-8 

8,680 

27-3 

3,549 

3-83 

498 

1-0 

208 

0-3 

43 

Case 3 

0 

4,600 

58-3 

2,682 

33-3 

1,532 

4-0 

184 

3-0 

138 

0-3 

13-8 

10 

7,1(M) 

49-5 

3,515 

450 

3,195 

4-25 

302 

1-25 

88 

— 

— 

20 

8,500 

560 

4,760 

380 

3,230 

4-0 

340 

2-0 

170 

— 

— 

40 

13,800 

49-75 

6,805 

42-75 

5,899 

6-5 

897 

0-75 

104 

0-25 

37-5 


Myelocytes 


Table XI. 

Me tamyelocy tes 


Juvenile 


Band forms 

_____ 


Segmented 
poly morphonu clears 


Sample 

p.c. 

Cells per 
c.mm. 

p.c. 

Celts per 
c.miii. 

l).C. 

Cells per 
c.mm. 

p.c. 

Cells per 
c.mm. 

Case 3 

First 

— 

— 

— 

— 

3-7 

170 

54*6 

2512 

Fourth 

— 

— 

— 

— 

4-85 

669 

44-9 

6196 

Case 4 

First 

0-4 

29 

0-4 

29 

21-6 

1555 

44-6 

3211 

Second 


— 

— 

- 

22-8 

.3032 

31-0 

4123 

Case 5 

Fu-st 

— 

— 

— 

— 

9-25 

740 

43-75 

3500 

Fourth 

— 


— 

— 

10-3 

1085 

42-6 

4479 

Case 7 

First 

— 

_ 

— 

— 

19-50 

2184 

57-75 

6468 

Third 

— 

— 

— 

— 

13-6 

2040 

54-4 

8160 

Case 9 

First 

— 

— 

— 

— 

30 

201 

63-0 

4221 

Third 



— 

— 

4-33 

489 

48-42 

5472 

Case 11 

First 

_ 

— 

— 

— 

22-5 

1148 

32-75 

1670 

Second 

— 

— 

025 

17 

18-50 

1277 

31-00 

2139 


In Table Xlll is given the maximum observed increase per c.mm., 
and also the corresponding percentage increase of the total leucocytes, 
polymorphonuclear leucocytes and lymphoc}d}es. In calculating the per¬ 
centage values, the actual number of each type of cell in 1 c.mm. of 
blood before the exercise is taken as 10() p.c. 
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Table XII. A characteristic control experiment selected from a series 
in which distilled water was injected instead of adrenaline. 


Total l^oJymorphs Lymphocytes 


Min. 

leuco¬ 

cytes 

p.c. 

Case. 17 

0 

0500 

53-3 

10 

6400 

51-5 

20 

6100 

62-5 

40 

7600 

540 


-\ I -^ 


Total 

p.c. 

Total 

3470 

39-6 

2675 

3300 

410 

2630 

3200 

440 

2680 

4100 

37-5 

2860 


L. mono¬ 
nuclears Eosinophils Basopliils 

^ - -A ._^ ^ _A_^ ^ ■ A 

p.c. Total p.c. Total p.c. Total 


6-6 

364 

10 

6-6 

416 

10 

3-0 

183 

0-5 

7-5 

570 

10 


eri 0-3 22 

04 — — 

30 — 

70 — — 


Table Xlll. The maximum observed increase in leucocytes after 
the hypodermic injection of adrenaline. 



Time 

Total leucocytes 

PoJymorphonuclears 

Lymphocytes 


after 

increasi 


incitiaso 

increase 


injection 

_ A. _ 



V 



Case 

(min.) 

Actual 

p.c. 

zVctual 

p.c. 

Actual 

p.c. 

1 

20 

4300 

48 

780 

12 

3300 

159 

2 

20 

1200 

10 

340 

4 

900 

68 

3 

40 

9200 

200 

4200 

156 

4400 

286 

4 

10 

6100 

85 

2300 

48 

3000 

148 

6 

40 

2500 

31 

1300 

31 

1000 

32 

6 

40 

1700 

27 

1300 

39 

400 

14 

7 

20 

3800 

34 

1500 

18 

2300 

141 

8 

20 

6300 

71 

330 

(> 

5000 

204 

9 

20 

4600 

69 

1500 

35 

2500 

157 

10 

20 

2300 

24 

- 30 

- 0-6 

2200 

56 

11 

10 

1800 

35 

600 

22-8 

1200 

70 

12 

40 

1600 

28 

300 

10 

1200 

44 

13 

40 

5900 

23 

3100 

17 

3100 

97 

14 

60 

7900 

59 

2400 

27 

5700 

161 


Discussion, 

The hypodermic injection of adrenaline causes an increase in the total 
leucoc)rte count which reaches a maximum varying from 10 to 200 p.c. 
and averaging 53-1 p.c. in 10-60 min. after the injection. A comparison 
with the control cases (Table XII) shows that in all except Cases, 2, 5, 6, 
10 and 12 the increase lies well outside the variation in the leucocyte 
count after the hypodermic injection of distilled water. 


Table XIV* A comparison of the effects of exorcise and 
adrenaline upon the leucocyte count. 


Total leucocytes 

Polymorphonuclears 

Lymphocytes 


The average increase p.c. 

- 

After the injection 
After exercise of adrenaline 


27*4 531 

11-7 30-6 

660 116-0 
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There is an increase in the number of all types of cell, but it is most 
marked in the lymphocytes. The polymorphonuclears show an increase 
of up to 166 p.c. and averaging 30-6 p.c. In one case (10) there was a fall 
of 0'6 p.c. in the polymorphonuclears. Schilling counts show that while 
the main increase is due to the mature polymorphonuclear leucocytes, 
there is also a rise in the younger ‘‘band’’ forms. The increase on the 
lymphocytes varied from 14 to 286 p.c. and averaged 116-9 p.c. The large 
mononuclears, eosinophils and basophils are somewhat variable, but on 
the whole all these types of cell tend to show a rise. The splenectomized 
cases (8 and 13) reacted in exactly the same way as the normal subjects. 

When the effect of exercise and the hypodermic injection of adrenaline 
upon the leucocyte count are compared, it will be found that they are 
very similar. In both cases all types of cell show an increase, while that 
of the lymphocytes is the most marked. A comparison of the increase in 
the total leucoc)rte8, polymorphonuclears and lymphoc 5 rtes after exercise 
and the injection of adrenaline is given in Table XIV, and it is seen that the 
ratio of the average percentage increase of the different types of cells is 
of the same order, the increase after the hypodermic injection of adrena¬ 
line being about double that after exercise. Since it is known that 
adrenaline is secreted during exercise, it seems probable that this is the 
cause of the leucocytosis following exercise. 

The leucocytosis following exercise occurs immediately, while that 
following adrenaline hypodermically injected reaches its maximum 
10-60 min. later. This is to be expected since adrenaline physiologically 
secreted passes directly into the general circulation, while adrenaline 
injected hypodermically only readies the general circulation after a time 
interval which depends partly upon the vascularity of the tissue into 
ivhich the adrenaline is placed, and partly upon the vaso-constrictor 
effect which the adrenaline exerts upon the peripheral vascular system. 

The possible source of these leucocytes has next to be considered. 
The number of the circulating leucocytes may be increased by: 

(1) Expulsion from the spleen. 

(2) Dilatation of quiescent capillaries. 

(3) Re-entry into the blood stream of cells adherent to the vessel 
walls. 

(4) Concentration of the cells following the withdrawal of plasma 
from the blood. 

(6) Expulsion from the lymphatic glands. 

(6) Expulsion from the bone marrow. 
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(1) Expulsion from the spleen. 

Barcroft [1926] has demonstrated in animals that the spleen con¬ 
tracts during exercise, and liberates red blood cells into the circulation. 
Schafer and Moore [1896] and Yang [1928] have both shown that 
adrenaline causes splenic contraction. Viale and Bruno [1927] have 
suggested that the spleen regulates the number of circulating leucocytes. 
The effects on splenectomized patients of exercise, and the hypodermic 
injection of adrenaline have been examined, and do not differ from those 
on ngrmal subjects. The leucocytosis cannot therefore be due to splenic 
contraction. 

(2) Dilatation of quiescent capillaries. 

Garrey [1929] has attributed the leucocytosis following exercise to 
the dilatation of quiescent capillaries by the increased cardiac activity, 
with the liberation of trapped leucocytes from them. 

On this view, the passive dilatation of the capillaries should produce 
a leucocytosis. I have examined the effect on tlie leucocyte count of 
peripheral dilatation of the capillaries by means of hot baths, and of both 
peripheral and visceral dilatation by means of the inhalation of amyl 
nitrite. In neither case was a leucocytosis observed. One would expect 
the cells to be trapped in the capillaries in the same proportions as they 
occur in the circulating blood. In the experiments cited in this paper 
it has been found that lymphocytes predominate. 

(3) Re-entry into the blood stream of cells adherent to vessel walls. 

Ellermann and Erlandsen [1911] have advanced the theory that 
during exercise the increased cardiac activity causes the cells normally 
adherent to the blood vessel walls to be swept into the active blood 
stream. Krogh [1929] has found that there is some slight adhesion 
between the surface of the leucocytes and the endothelium of the blood 
vessels, but there is no evidence that the phenomenon is sufficiently 
marked to explain the relatively large leucocytosis observed after exer¬ 
cise. If this theory were true, one would expect a relative polymorpho¬ 
nuclear leucocytosis, since these cells show much more marked adhesive 
properties than the lymphocytes. 

(4) The concentration of blood cells following the withdrawal 
of plasma from the circulating blood. 

This theory has not been advanced previously, and it is difficult to 
prove, owing to the absence of an unvarying cellular element of the 
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blood that does not show numerical variations, and which could be taken 
as a standard. Since no two types of cell show the same rate of increase, 
the theory can at the best only play a subsidiary part in explaining the 
observed leucocytosis. 

(5) Expulsion from lymph glands. 

In the experiments on exercise and adrenaline it has been found that 
there is a predominant lymphocytosis. Since lymph glands contain 
smooth muscle, it occurred to me that the lymphoc 3 rtosi 8 might be due 
to its contraction under the influence of adrenaline with the resultant 
liberation of lymphocytes. The effect of adrenaline on isolated lymph 
glands was investigated. Lymph glands dissected from the mesentery of 
a dog were linked together in series, and immersed in a bath of Kinger’s 
solution which was oxygenated and maintained at a temperature of 
34"^ C. The lower end of the chain of glands was attached to the bottom 
of the bath, and the upper end was fastened to a straw lever recording on 
a smoked drum. On the addition of 0*05 c.c. of 1 in 1000 adrenaline 
chloride solution, the glands showed a contraction lasting about 7 min. 
The glands were washed in situ, and fresh Ringer’s solution added. On 
adding more adrenaline the glands again contracted. 

The lymph glands are to be regarded as the likeliest source of lym¬ 
phocytes. 

(6) Expulsion from the bone marroiv. 

Schilling counts performed before and after exercise, and before 
and after the liypoderraic injection of adrenaline show that the increase 
in polymorphonuclear leucocytes is made up of both mature and im¬ 
mature cells, suggesting that the cells originate from the bone marrow. 
Adrenaline stimulates the general circulation by raising the blood- 
pressure and increasing the force and frequency of the heart, and the 
polymorphonuclears are probably washed out of the bone marrow in 
abnormally large numbers by the increased circulatory activity. 


Summary. 

1. The diurnal variation of the leucocyte count during rest has been 
examined and it has been shown: 

(a) that the counts are steadiest and at a minimum when the subject’s 
condition approximates most nearly to that of absolute physiological 
rest; 
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(b) that they rise with increase in the mental and physical activity 
of the subject, and 

(c) that they tend to rise in the late afternoon and early evening, this 
being regarded as the period of greatest activity. 

2. The effect of exercise on the peripheral blood was investigated. 
The total leucocyte count exhibited a rise varying from 16 to 48 p.c. of 
the resting value, and it returned to normal after about 30 min. rest. 
Further exercise then produced another rise in the count similar in type 
and degree to the first. 

The rise in the total count was due to an increase in the number of all 
types of cell, but the lymphocytes showed the greatest increase. 

3. The hypodermic injection of adrenaline is followed by a leuco- 
cytosis in which all types of cell show an increase, but that of the 
lymphoc 3 rtes is most marked. 

It is similar to the leucocytosis following exercise, and the theory has 
been advanced that the latter is produced by autogenously secreted 
adrenaline. 

The cells which cause the leucocytosis arise from two sources. 

The lymphocytes are in all probability derived from the lymph glands 
which contract under the influence of the adrenaline, and the granular 
cells are washed out of the bone marrow by the increased blood flow due 
to cardiac stimulation by the adrenaline. 

I should like to thank Prof. F. E. Tylecote for his encouragement, 
Dr F. H. Smirk for suggestions. Miss M. J. Rickards, B.Sc., for help 
with the counts, the Department of Clinical Investigations and Research 
for the loan of two Fuchs-KosenthaTs Chambers, and Miss Worsfo 1 d 
and the massage students of the Manchester Royal Infirmary for their 
cooperation in the section on exercise. 

This work was carried out with the aid of a grant from the Dickinson Scholarship 
Trustees. 
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NORMAL RESPIRATION AND THE INFLUENCE 
OF THE VAGI. 

By E. SHARPE Y-SCHAFER {Edinburgh). 

Normal respiration consists of inspiration and expiration without any 
pause, whether the respirations are slow or fast. In man the ratio of 
inspiration to expiration is approximately 3 : 4, but with individual 
variations. As is well known the rate varies considerably in different 
individuals, the variations being much greater than those of the pulse. The 
average rate in a normal man may be given at about sixteen a minute, 
but it is as high as twenty-four and as low as four. There are usually five 
to eight heart beats to each respiration. A tracing which has been re¬ 
produced in many text-books showing more than twenty heart beats to 
each respiration is obviously abnormal. 

A slow pulse is not necessarily accompanied by slow respirations. 
Thus, in Fig. 1, from a man of 44, the pulse is 70 per d inute, the respira¬ 
tions 9; in Fig. 2, from a lad of 16, the pulse is 44, the respirations 14; in 
Fig. 3, from a man of 36, the pulse is 68, the respirations 5. 

Fig. 4 is from a dog, showing simultaneous tracings of respiration (r.), 
of aortic blood pressure {ao.), and of pulmonary blood-pressure (p.). There 
are five heart beats to each respiration. It will be noticed that, as in man, 
there is no pause between expiration and inspiration'. This is true also 
of other animals. Under conditions in which the respiratory centre is 
depressed a definite pause may become apparent. Such conditions can be 
produced by drugs, especially anaesthetics in excess, as well as by failure 
in the supply of oxygenated blood to the centre,as may be ceased by a 
severe operation, especially if attended by haemorrhage^. . 

The essential stimulus to inspiration which is constantly in operation 
is chemical and is afforded by the CO 2 tension of the blood circulating in 
the bulb [Haldane]. The inspiration is cut short as soon as the pulmonary 
alveoli become distended. The distension mechanically excites the endings 
of afferent fibres of the vagus; these convey impulses to the centre, 
reducing its excitability so that it ceases to respond to the constant stimu¬ 
lus. This inhibition affects both the active contraction of the muscles of 

' The Cheyne-Stokea phenomenon with its prolonged pauses afiotds a striking in- 
stance of the effect of failure of the supply of blood to the centre. 
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iaspiration and their tonus^. As a result of this inhibition the elastic 
reaction of the lungs and of the thoracic walls causes the alveoli to become 
diminished in size and expiration results. 



Fig. 1. From a man, aged 44. In this and the other cases from man, the respirations 
were recorded by Marey’s pneumograph placed over the epigastrium, the pulse beats 
by a sphygmoscope connected with the arm-band of a Kiva-Rocca. 



Fig. 2. From a lad, aged 16. 

But expiration is not a purely passive phenomenon. It is always 
accompanied by some contraction of the muscles of expiration; this is 
better marked in quadrupeds than in man, but is never absent. What 
exactly is the cause of this contraction is uncertain. It was assumed by 

W. B. Hess [1930], employing a mechanical method, has emphasised the effect of the 
condition of distension of the alveoli in modifying the tonus both of the diaphragm and of 
the thoracic muscles. Keller and Looser [1930] have shown the constant presence of such 
tonus and have studied its variations in different conditions of inflation. 


9—2 
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Bering and Brener [1868] that the distension of the alveoli not only 
produces inhibition of inspiration but at the same time excites expiration. 
That afferent fibres of the pulmonary vagi can be stimulated by deflation 
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Fig. 3. From a man, aged 36. (In this figure the downstroke is inspiration, 
in all the others the upstroke.) 











Fig. 4. From a dog, anfesthetized with chloralose. r. tracing of respirations; p, respira¬ 
tory fluctuations of pulmonary blood-pressure; oo. respiratory fluctuations of aortic 
blood-pressure. 

and tliat these act antagonistically to those excited by distension of the 
alveoli, increasing the excitability of the inspiratory centre to the con¬ 
tinued stimulus of COg, is unquestionable, but it is still controversial 
whether they are called into play in quiet respiration. 

According to Schenck [1903] this only occurs in forced expiration. Adrian [1926] 
found that oscillations of the capillary electrometer were at a minimum during expiration, 
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but Waohbolder and McKinley [1929] noticed with every change of volume of the lungs 
increased oscillations of the string galvanometer, indicating an increase of strength of tonic 
impulses transmitted by the vagi. 

The result of this alternation of excitation and inhibition constitutes 
the “Selbst-steuerung” of Hering and Breuer, who demonstrated it by 
the classic experiment of closing the trachea in the inspiratory and 
expiratory phases respectively. 

All later investigators have confirmed their results, e.g. Gad [1879], Head [1889], 
Haldane and Mavrogordato [1916] (in man), and many more. The phenomena are 
strikingly exhibited by breathing into and out of a large reservoir of air maintained at a 
positive or a negative pressure some 20 cm, H,0 above or below the atmospheric pressure 
[Stefani and Sighicelli, 1888]. 

That there are two sets of afferent fibres in the vagi having antagonistic 
actions on respiration was first shown by Traube [1847] and generally 
recognized. Stimulating the central end of a cut vagus provokes either 
increased or diminished activity of respiration according to the character 
and intensity of the stimulation. 

Since the rate and depth of respiration is usually profoundly affected 
by section of the vagi it is commonly assumed that respiration, so far as 
its rhythm is concerned, is regulated solely through those nerves. But 
there are reasons against this view. For the rhythmic succession of 
inspiration and expiration is continued after section of both vagi. True, 
it is generally at a slower rate, but, as G ad was the first to point out, this 
is not always the case. And if the obstructive dyspnoea which results 
from section of the laryngeal fibres is avoided, the slowing is never 
permanent, and, even when well marked at first, disappears after a time. 
As Christiansen and Haldane [1914] showed, any agency which 
obstructs the passage of air causes respiration to be slower and deeper. 
This is a constant feature of the obstruction caused by paralysis of the 
vocal cords—or even of one cord only. It can be avoided by cutting the 
vagi below the place where they give off the inferior laryngeals: if this is 
done no permanent slowing results [Boothby and Shamoff, 1915]. It 
can also be obviated by previous cauterization of the glottis [Sharpey- 
Schafer, 1919]. As was there shown and illustrated by numerous 
examples and tracings, in some animals section of both vagi may produce 
either no slowing, or such slowing as occurs is not permanent^ 

^ The authors of a recent article in the J. Physiol. [Hammouda and Wilson, 1932] 
**on the function of the vagus in respiration’" attribute to me the opinion that the slowing 
of respiration which usually immediately follows division of the vagi is caused by this 
dyspnoea. 1 have nowhere expressed such an opinion. The authors have either not read my 
paper carefully or have misunderstood my statements. 



134 


E. SHARPEY-SCHAFER. 


There must, therefore, be some regulating mechanism besides that 
described by Bering and Breuer. What this other mechanism is there 
can be no difficulty in deciding. For, as Fleisch [1928] has shown, the 
respiratory muscles are subject to the same conditions as to reciprocal 
innervation as the skeletal muscles, in which contraction reflexly provokes 
inhibition of their antagonists. 

We may suppose that normally both vagal and muscular mechanisms 
are in operation, although in most cases the vagal mechanism predomi¬ 
nates. In the absence of one mechanism the other may take on the regulat¬ 
ing function alone. That the muscular mechanism can operate by itself 
was shown by A. D. Macdonald and myself (1925) in an experiment 
on a dog, which was brought to the notice of the Society a few years 
ago. In this experiment the muscular and skeletal respiratory mechanism 
of the thorax was reduced to a ring, formed by three ribs with their 
intercostal muscles and a section of the sternum. The three ribs were 
severed from the rest but retained their articulations with the vertebral 
column as well as the vascular and nervous supply to the intercostals. 
When the tension of CO^ in the blood was allowed to increase by arrest 
of artificial respiration, the ring moved forwards and backwards with a 
slow steady rhythm; forwards by contraction of the external intercostals, 
and backwards by contraction of the internal intercostals. Since the 
pulmonary alveoli were passive, the regulation of the rhythm must have 
depended upon the alternation of excitation and inhibition of the neuro¬ 
muscular mechanism. 

It may he suggested that the respiratory centre itself works with a rhythm of its own, 
but experimental evidence of the existence of such rhythmic automatism is still lacking K 
It used to be believed that it was established by a well-known experiment of Rosenthal, 
who obtained rhythmic respiratory movements of the nostrils after he had supposedly cut 
off all afferent impressions from the centre. But the reciprocal innervation of muscles was 
then unknown, and the afferent impressions emanating from the muscles involved had not 
been cut off. 

^ Adrian and Buytendijk [1931] have shown that the isolated brain stem of the 
goldfish exhibits oscillations of potential synchronous with the respiratory movements of 
the gills, and consider that the waves represent a slow change in the nerve cells or 
dendrites, since they occur in the entire absence of sensory impulses. This observation 
certainly furnishes an argument in favour of the rhythm of respiration having a central 
origin—but the argument cannot be pressed too far, for the mechanism of respiration is 
quite different in fishes from the far more complex conditions found in mammals. 
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Summary. 

1. Bespiration consists of inspiration and expiration: normally there 
is no pause. 

2. No definite relationship obtains between the frequency of the 
pulse and that of quiet respiration, but usually there are 5 to 8 heart beats 
to each respiration. 

3. Expiration is never a passive process but is always accompanied 
by muscular activity. 

4. Although the regular rhythm of respiration is caused by the infla¬ 
tion and deflation of the pulmonary alveoli acting through the vagi it is 
assisted by afferent impulses emanating from the respiratory muscles. If 
the vagi are severed these impulses may be sufficient to maintain a normal 
rhythm. 

5. It is doubtful if the respiratory centre has a rhythm of its own, 
independent of all reflexes. In the experiments w^hich have been thought 
to prove its automatism the afferent impulses from the respiratory 
muscles have not been taken into account. 
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CREATINE AND PHOSPHORUS COMPOUNDS 
IN MALIGNANT TUMOURS. 

By eric BOYLAND. 

(Fro7n the Research Institute of the Cancer Hospital (Free), London,) 

Except in a few isolated cases, creatine has been found solely in verte¬ 
brate animals. The ordinary forms of malignant tumour also seem to be 
limited to vertebrates, and so it appeared conceivable that the occurrence 
of creatine could have some relation to malignant disease. Edlbacher 
and Kutscher [1931], however, found no creatine phosphate nor argi¬ 
nine phosphate in tumours. The type of tumour used in their experiments 
is not stated and no units are given for any of their results. Since then 
Franks [1932] has shown that the Crocker Institute mouse tumour 180 
(a sarcoma) contains a small amount of phosphagen as estimated by the 
method of Eggleton and Eggleton [1929]. The experiments described 
below, which were completed before the appearance of Franks’ work, 
show that some phosphagen occurs in tumours. The phosphagen content 
of tumours is indeed only one-twentieth that of normal resting voluntary 
muscle, while the creatine content is about a tenth of the amount found 
in such muscle. The low phosphagen content, however, does not neces¬ 
sarily mean that this substance is of no significance in tumour meta¬ 
bolism. Clark, Eggleton and Eggleton [1931] have shown that 
normal hearts contain only a tenth as much phosphagen as skeletal 
muscle, yet these authors [1932] have shown that the amount of phos¬ 
phagen, small though it is, is essential for cardiac metabolism. 

Perhaps the most striking feature in the distribution of the phos¬ 
phorus compounds in tumours is the large amount of total phosphorus 
present. Although there is less acid-soluble phosphorus present than in 
muscle, the amount of nucleic acid and nucleoprotein is three or four 
times as great. It would appear that malignant tissue would form as good 
a starting material as thymus gland for the preparation of nucleic acid. 

Edlbacher and Kutscher [1931] found an active nucleotide phos¬ 
phatase in tumours, and this is confirmed by Franks’ [1932] findings that 
on incubation the total acid-soluble phosphorus of tumour tissue in- 
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creased. In the latter experiments some of the increase in acid-soluble 
phosphorus would be accounted for by autolysis of nucleic acid. Experi¬ 
ments described below show that on incubation in bicarbonate solution 
without carbohydrate there is no phosphate esterification, but a consider¬ 
able production of free orthophosphate. Edlbacher and Kutscher 
also found this production of free phosphate, and state further that 
this process continued even in the presence of fluoride and carbohydrate. 
Franks, however, found some esterification when glucose alone was 
added. The glycolysis of tumours in the presence of glucose is much 
greater than the esterification. In an hour, twenty to sixty molecules of 
lactic acid are formed for each atom of phosphorus esterified, but even 
this esterification is stopped by the presence of fluoride [Edlbacher 
and Kutscher, 1931], which has been shown to inhibit glycolysis of 
malignant tissue [Dickens and Simer, 1929]. Edlbacher and 
Kutscher, and Franks, found pyrophosphate in tumours. Edlbacher 
and Kutscher apparently found as much pyrophosphate as free in¬ 
organic phosphate. Franks’ highest figure for pyrophosphate is equal 
to about half the amount of orthophosphate and that is the order of the 
amount found in the presinit investigation. From the results given below 
it is obvious that the increase in free jdiosphate on incubation is largely 
at the expense of this pyrophosphate fraction, and this would appear to 
be the case in the exj)eriments of Edlbacher and Kutscher, and of 
Franks (thougli in neither paper is this stated). The part of the phos¬ 
phorus metabolism of incubated tumour tissue which can be observed is 
therefore mainly a hydrolysis of adenylpyrophosphoric acid to give free 
orthophosphate and inosinic or adenylic acid. At the same time there is 
an increase* in acid-soluble phosphorus due to hydrolysis of nucleic acid. 
Even in tlie presence of carbohydrate when rapid glycolysis occurs the 
frt‘e orthophosphate tends to increase. This fact could be accounted for 
either by the extraordinary activity of the phosphatases in the system, or 
by the fact that tin* free orthophosphate in the trichloroacetic acid extract 
is not present as such in the tissue, but is bound in some labile compound 
in which condition it is incapable ot undergoing esterification. 

Estimation of creatine. 

Creatine and creatinine were estimated colorimetrically by Folin’s 
[1915] method in which the colour given with alkaline picrate is compared 
with the colour given by a standard creatinine solution. Tumours im¬ 
mediately after removal were divided into two parts, one of which was 
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ground with sand and picric acid and used for the creatinine estimation, 
while the other was heated at 125° C. for half an hour with N H 2 SO 4 to 
convert creatine into creatinine. After the first estimations it was found 
that the creatinine content (1-6, 1*8, 2*5, 1-2 mg. per 100 g. tissue of 
Jensen rat sarcoma) was as small as that in blood or muscle and could be 
neglected, and that hydrolysis of the whole tissue with sulphuric acid 
gave brown solutions which reduced the accuracy of the creatine estima¬ 
tion. In most of the experiments, therefore, creatine was estimated on 
the trichloroacetic acid extract of the tissue which was prepared as for 
the estimation of phosphorus compounds. The first results (Table I) were 
obtained from human tumours, which were generally analysed within 
1 or 2 hours after their removal from the subject. 


Table I. Creatine content of human tumours. 


Normal tissue of same person 




Weight 



Weight 

-^ 



of 

Creatine 


of 

Creatine 



tissue 

(mg, per 


tissue 

(mg. per 

Case 

Type of tumour 

(g.) 

100 g.) 

Tyi>e 

(g-) 

100 g.) 

a 

Carcinoma of breast 

20-6 

11 

Breast 

271 

5-2 


Metastases in glands 

2-78 

104 

Pectoral muscle 

9-7 

390 

h 

Carcinoma of breast 

19*6 

50-5 

Breast 

16-1 

Under 5 

c 

Carcinoma of rectum 

21-4 

64 

Rectum (mucous 
membrane and 
muscular coats) 

11 9 

121 

d 

Carcinoma of breast 

15-7 

14 

— 

— 

e 

Carcinoma of rectum 

17-4 

11-5 

Mucous membrane 

11-5 

16 


of rectum 


It will be seen that there is great variation in the creatine content of 
the tumours examined. This is probably due to the fact that such samples 
may be contaminated with surrounding tissue, which masks the true 
content in different types of tumours. They serve at any rate to show that 
human tumours contain creatine. The highest figure (104 mg. per 100 g.) 
is given by the glandular metastases from a breast cancer; in these there 
would be very little admixture with other tissues. 

In Table II is shown the creatine content of some tumours of the rat 
and mouse, namely (a) a primary spindle-celled tumour of the rat pro¬ 
duced experimentally by subcutaneous injections of 1 : 2 : 5 : 6 -dibenz¬ 
anthracene in a fatty medium [L.R. 66 : Burrows, Hieger and 
Kennaway, 1932]; ( 6 ) grafted tumours of the rat derived from another 
primary spindle-ceUed tumour jiroduced in the same way as (a); these 
grafted tumours, which are denoted throughout this paper by the 
reference number L.R. 10 , were obtained from the ninth and twelfth 
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transplanted generation; (c) the Jensen rat sarcoma; and (d) spontaneous 
mammary carcinomas of the mouse. 

The primary tumour L.R. 66, and the tumours of the same type in 
the ninth and twelfth grafted generations (L.R. 10, Tables II and IV) 
contain amounts of creatine of the same order. Two of the tumours 
examined contained more creatine than has been found in numerous 
other estimates which have been made on similar tumours. Some deter¬ 
minations were made on the necrotic tissue of large tumours, and in these 
the creatine content was lower than in whole tumours or in their growing 
edge, showing that the creatine must be contained largely in the living 
tissue. 


Tablk 11. Creatine content of rat and mouse tumours. 

Normal skeletal muscle 
from same animal 


Type of tumour 

Tumour 

Creatine 
(mg. per 

Muscle 

Creatine 
(mg. per 

(g-) 

100 g.) 

(g-) 

(100 g.) 

Rat 

Grafted L.K.10 tumour 

50 

69 

3-0 

536 

»» »f 

50 

57 

— 

— 

Jensen sarcoma 

300 

105 

5-0 

560 

>» 

18-35 

90 

5-0 

580 

>> 

«o 

45 

6-0 

5-0 

630* 

590* 


7-2 

41 

— 

— 

Primary 1:2:5:0-di benzanthracene' 

lard tumour. L.R. Ob 

10-0 

31 

— 

— 

Jensen sarcoma, necrotic matenal 

8-0 

14 

— 

— 

„ growing tissue 

48 

46 

— 

— 

„ necrotic material 

4-8 

11 

— 

— 

,, two whole tumours 

64 

27 

— 

— 

MotLse 

Spontaneous mammaiy carcinoma 

0-0 

36 


— 

{Spontaneous mammary carcinoma 

(two tumours pooled) 

4-8 

44 

— 

— 

♦ Normal rat muscle. 





Most of the animal tumours examined contained 30-60 mg. creatine 
per 100 g., and this amount is greater than that occurring in any normal 
tissue except skeletal muscle, heart, nerve and testis, which contain about 
500, 250,100 and 100 mg. per 100 g. respectively. It is less than the free 
creatine of muscle (ca. 95 mg. in 100 g.) as found by Walpole’s method, 
but it is much larger than the blood creatine (ca. 5 mg. per 100 g.), and 
may therefore be of significance. Further experiments are to be made on 
this subject. 
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Phosphorus compounds in tumours. 

Rats weighing 150-250 g., with large grafted tumours of connective 
tissue (10-40 g.), were killed by a blow on the head and the tumour rapidly 
removed, weighed and well ground in 10 p.c. trichloroacetic acid con¬ 
taining ice. After filtration the protein precipitate was well pressed on the 
filter and the filtrate immediately used for estimation of the phosphorus 
fractions. Phosphorus was estimated colorimetrically after Martiand 
and Robison [1926]. In a preliminary orientating experiment in this 
way seven tumours (Jensen rat sarcoma) weighing together 104 g. were 
extracted with 250 g. of ice and trichloroacetic acid. Various phosphorus 
fractions were estimated in the acid extract and in the precipitate from 
which nucleic acid was extracted by warming with dilute caustic soda. 
The results obtained are given in Table III. 


Table III. Phosphorus compounds in rat tumours and frog muscle, 
expressed as mg. P per 100 g. tissue. 


Total phosphorus 

Total acid-soluble phosphorus 

Free orthopho^hate 

Phosphagen (Meyerhof and Lohmann, 1928, 
precipitation method) 

Phosphagen (Kggleton and Eggleton, 1920, ex¬ 
trapolation method) 

Pyrophosphate (P hydrolysed in S HCl at 100 in 
7 min.) 

Hexose diphosphate (calculated from P hydrolysed 
in N HCl at 100° in 30 rmn.) 

Hexose monophosphate (P sol. as barium salt) 

Other acid-soluble P (nucleic a ;id and adenylic acid) 

Total acid-insoluble phosphorus 

Total acid-insoluble phosphorus soluble in NaOH (nucleic 
acid and nucleoprotein) 

♦ From Eggleton [1929J. 


L.R.10 

Jcnseti 

rat 

Frog 

tumour 

sarcoma 

muscle 

254 

235 

182 

52 

50 

134 

25 

22 

15* 

2-5 

- 

- 

1-7 

1-2 

05* 

11-5 

12‘2 

25* 

0-5 

_ 

Trace* 

80 

— 

8* 

70 

— 

30* 

202 

179 

48 

190 

152 

43 


The amount of phosphorus of tumours which is not soluble in acid is 
remarkably high. It would seem that tumour tissue contains three or four 
times as much nucleic acid as a normal tissue, such as muscle. The differ¬ 
ence in nucleic acid content between tumour and other tissue is enor- 
mously greater and probably more significant than the difference in 
lecithin content found by Jowett [1931]. 

As stated in the introduction the free orthophosphate content is some¬ 
times high, being greater than that present in resting muscle. In Fr a n ks’ 
experiments incubation with carbohydrate did not remove this free 
phosphate, and it is possible that it is actually in some labile combination 
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which is rapidly hydrolysed even when removal and treatment with 
trichloroacetic acid containing excess of ice are carried out rapidly. 
Experiments were made in which the tissue was frozen with carbon 
dioxide snow in some cases and liquid air in others before extracting with 
trichloroacetic acid, but even under such conditions the free ortho¬ 
phosphate was often more than 20 mg. per 100 g. tissue. The extract made 
from frozen tissue was always very cloudy, so that the results were not so 
accurate as those obtained by the usual procedure. 

Next to the free orthophosphate, the pyrophosphate is the most 
plentiful of the acid-soluble fractions. Lohmann [1931] has shown that 
pyrophosphate is really combined with adenylic acid in the form of 
adenyltriphosphoric acid in skeletal muscle (with 2 atoms of labile P to 
each atom of ‘‘organic"’ P); and in the form of adenyldiphosphoric acid 
(with 1 atom of labile P to each atom of ‘"organic” P) in heart muscle. 
In the presence of magnesium salts these compounds act as co-enzyme in 
lactic acid production. It was of interest therefore to isolate and examine 
the pyrophosphate fraction of tumours. This was done by Lohmann’s 
method, precipitating as barium salt, then as mercury salt and finally 
removing the inorganic phosphate by precipitation with ammoniacal 
magnesia mixture. The resulting compound precipitated as barium salt 
contained 1*9 atoms of labile P to each of organic P in one preparation 
from grafted L.R.19 tumour, and 2*08 atoms of labile P to one atom of 
organic P in a sample prepared from Jensen rat sarcoma. The co-enzyme 
or adenylpyrophosphoricHacid of malignant tissue would therefore appear 
to be the same as that obtained from skeletal muscle. 

The effect of survival on the acid-solu])le phosphorus compounds 
including phosphagen was next determined. Large grafted rat tumours 
were rapidly excised and cut in half. One half was immediately ground 
with ice and trichloroacetic acid while the other half was first allow^ed to 
stand in Ringer-bicarbonate for 1 or 2 hours. Phosphagen was estimated 
by the extrapolation method of Eggleton and Eggleton [1927] and by 
Lohmanil’s method [1928] in which orthophosphate is precipitated with 
ammoniacal magnesium citrate^. There are some discrepancies in the 
results obtained for phosphagen as estimated by the precipitation and 
extrapolation methods. This may be due to a small amount of arginine 
phosphate which is not estimated by the extrapolation method. On the 
other hand the extrapolation method is much less accurate when applied 

* EstimationB made by the method of barium precipitation after Eggleton and 
Eggleton [1929] gave results comparable with those obtained by Meyerhofs method, 
p.g. four consecutive experiments gave 2*7, 2*6, 4*1 and 3*6 phosphagen P per 100 g. 
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to small amounts. According to both methods of estimation there is an 
autolysis of phosphagen on incubation. Typical results are shown in 
Table IV. 


Tablb IV. Creatine and acid-soluble phosphorus compounds in grafted rat tumours 
expressed as mg. P per 100 g. moist tissue. 







Phosphagen P 


P after 

Total 






estimated by 


i hour 





Free 

- 

Eggleton 

Pyro 

hydrolysis 
in N HCl 

acid- 

soluble 

Kat 



Creatine 

ortho¬ 

Pre¬ 

extra- 

phos¬ 

(hexose di¬ 

phoB- 

{jliorus 

No. 

Type 

Condition 

content 

phosphate 

cipitation 

]>olation 

phate 

phosphate) 

1 

J.H.S. 

Freshly excised 

29 

200 

— 

1-8 

— 

— 

60-8 

2 

J.R.S. 

Stood 1 hour in 
Ringer 

27 

27-2 

— 

0-2 

_ 

_ 

62-9 

3 

J.R.S. 

Stood 2 hours 










in Ringer 

33 

32-4 

— 

0-7 

— 

—- 

65-0 

4a 

L.R. 10 

Freshly excised 

31 

16-5 

3*2 

0-6 

12-3 

0*5 

620 

46 

»» 

Stood 1 hour in 
Ringer 

33 

220 

24 

0-7 

8-9 

0-7 

66-4 

5a 

»» 

Freshly excised 

31 

24-4 

3-9 

10 

11-2 

M 

564 

56 

»» 

Stood 2 hours 










in Ringer 

34 

34-7 

0-7 

Nil 

4-0 

0'6 

60-2 

6a 


Freshly excised 

30 

18-5 

2-3 

2-4 

16-2 

0*8 

54-3 

66 


Stood 1 hour in 










Ringer 

31 

26-8 

M 

0*4 

IM 

0-8 

690 


It can be seen that survival leads to a rise in orthophosphate con¬ 
tent and a smaller rise in the total acid-soluble phosphorus. It is evident 
that this free orthophosphate is derived partly from phosphagen and the 
acid-insoluble fraction. This latter accounts for the increase in total acid- 
soluble phosphorus. The effect must be partly due to the active nuclease 
found by Edlbacher and Kutscher, but it must also be in part due to 
the high concentration of substrate present upon which such an enzyme 
can act. Ashford and Holmes [1931] have recently found a similar 
increase of acid-soluble phosphorus on incubation in brain tissue. The 
largest part of increase in orthophosphate is, however, due to hydrolysis 
of adenylpyrophosphate; the occurrence of this hydrolysis shows that 
tumours contain pyrophosphatase. These results explain those of 
Franks, in which under similar conditions free phosphate was formed. 
In the presence of glucose this free phosphate would be esterified to 
hexose monophosphate which, as Robison and Morgan [1930] 
showed, is precipitated to a considerable extent by 10 p.c. alcohol when 
inorganic phosphate is present. Franks found in muscle a change in the 
opposite direction (i.e. a decrease in the phosphorus precipitated as 
barium salt by 10 p.c. alcohol), and this appears to be due to decomposi¬ 
tion of creatine phosphate. The important change in the phosphorus 
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compounds of tumours on incubation is therefore due to pyrophosphatase 
hydrolysing adenylpyrophosphoric acid, which is the co-enzyme of lactic 
acid formation. 

Summary. 

1. Human tumours contain creatine. The wide range in the amount 
found is probably due to varying admixture with other tissues. 

2. The majority of the tumours from rat and mouse examined con¬ 
tained very little creatinine but 30-60 mg. creatine per 100 g. tissue. In 
freshly excised tumour, and hence probably in situ, a quarter to a third 
of the creatine is combined with phosphate as judged by phosphagen 
estimations. The phosphagen breaks down on standing. 

3. The amount of acid-insoluble phosphorus in malignant tumours is 
very high (200 mg. per 100 g.), being about four times as great as in 
skeletal muscle. 

4. Tumours contain practically as much adenylpyrophosphoric acid 
as does skeletal muscle and the compound would appear to be the same 
as in skeletal muscle. This compound is hydrolysed on incubation of the 
tumour; hence a pyrophosphatase must be present. 

In conclusion I wish to thank Prof. E. L. Kennaway for help and 
advice on various matters. 
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ON VASO-DILATOR FIBRES IN THE SYMPATHETIC, 
AND ON THE EFFECT OF CIRCULATING ADRENA¬ 
LINE IN AUGMENTING THE VASCULAR RESPONSE 
TO SYMPATHETIC STIMULATION. 

By J. H. burn. 

(From the Pharmacological Laboratory, Phartnaceutical 
Society of Great Britain, London, W.C.i.) 

Pakt I. 

The evidence to be presented in this paper may be conveniently divided 
into two parts of which the first deals with the existence of vaso-dilator 
fibres in the sympathetic system. At the present time opinion on the 
existence of these fibres differs in different schools; while some do not 
believe in them, others are already convinced of their existence. It is 
generally accepted that, locally, vaso-dilator fibres exist; the work of 
Dastre and Morat [1880J demonstrated their presence in the branches 
of the cervical sympathetic leading to the biicco*facial region. The 
strongest evidence for a general distribution of vaso-dilator fibres was 
that obtained by Dale [1906] who showed that in the cat, after the 
administration of ergotoxine, injection of adrenaline and splanchnic 
stimulation produced vaso-dilatation; since ergotoxine paralysed all 
sympathetic effects which were purely motor, and left unaffected those 
which were inhibitor, this reversal of the normal vascular response 
pointed to the existence of a general system of vaso-dilator fibres. 
Recently Lewis and Pickering [1931] have obtained evidence of the 
existence of vaso-dilator fibres in the sympathetic in human subjects. 
They place a man in a cold room until his hands are cold, and then in a 
warm chamber with his hands outside; after an interval the skin tem¬ 
perature of the hands rises as a result of the rise of body temperature. 
The efferent path of the impulses which lead to rise of the temperature of 
the hands is the sympathetic, for in a subject in which one arm has been 
deprived of its sympathetic nerves, the reflex rise of temperature occurs 
only in the hand of the normal arm. The rise of temperature in a healthy 
subject might be explained by loss of vaso-constrictor tone, since a 
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similar rise of temperature in the appropriate area follows ansesthetiza- 
tion of the ulnar nerve at the elbow. This explanation, however, does not 
account for the fact that patients with Raynaud’s disease behave 
differently; in them the warm chamber will cause a rise of hand tem¬ 
perature, but anaesthetizing the ulnar nerve will not. Lewis and 
Pickering conclude that, since, in these patients, anaesthetizing the 
ulnar nerve does not warm the hand, the effect of the warm chamber 
must be exerted by dilator impulses rather than by loss of vaso-con- 
strictor tone. In support of this they show that when a patient with 
Raynaud’s disease is put in the warm chamber with the ulnar nerve 
anaesthetized, then reflex warming of the hands does not occur in the 
ulnar area, although it occurs elsewhere. 

The experiments described in this paper are the unexpected outcome 
of work begun some two and a half years ago on the cardio-vascular 
action of tyramine. The peculiar fact was observed [Burn, 1930] that 
when the hindlimbs of the cat or dog are perfused with defibrinated 
blood, the intra-arterial injection of tyramine is attended by only a trace 
of constrictor effect, but that if adrenaline is added to the blood so as to 
produce a steady concentration, and to maintain a raised peripheral 
resistance in the perfused vessels, then the effect of the intra-arterial 
injection of tyramine is greatly enhanced. It was next found [Burn and 
Tainter, 1931] that tyramine, and also ephedrine, differ from adrenaline 
in their action on the denervated pupil of the cat’s eye, inasmuch as they 
have little or no dilator effect when the sympathetic nerve fibres have 
degenerated, whereas adrenaline acts more powerfully than in the normal 
eye. The same phenomenon was then observed [Burn, 1932] in the 
vessels of the cat’s forelimb; after degeneration of the sympathetic fibres 
consequent on the extirpation of the stellate ganglion, tyramine and 
ephedrine lose their constrictor action, while that of adrenaline remains. 
In the same paper evidence is given that the peculiar action of adrenaline 
in enhancing the constrictor effect of tyramine in perfused vessels is not 
exerted by pituitary extract, and also that the constrictor action of 
ephedrine, like that of tyramine, is small in the absence of circulating 
adrenaline and greatly increased by its presence. 

It seemed that there might be a link between the two phenomena; 
perhaps a substance which acted on the sympathetic nerve ending itself, 
and which failed to act when the ending had degenerated, required a 
certain concentration of circulating adrenaline because of its site of 
action. Perhaps the effect of circulating adrenaline on the action of 
tyramine and ephedrine might be due to the effect of the adrenaline on 
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the sympathetic nerve endings; if this were so it was important to in¬ 
vestigate the influence of circulating adrenaline upon the magnitude of 
the response to sympathetic stimulation. This investigation was under¬ 
taken and its results are now to be described. 

Experimental methods. 

The experiments have been performed by perfusing the hind part of 
dogs through the abdominal aorta after removal of the viscera. 

One dog was used to obtain a supply of blood, and the second for the 
perfusion. The first dog was anaesthetized with chloroform and ether, and 
a cannula was then inserted in the carotid artery. Blood was collected in 
a glass vessel and defibrinated. The blood when filtered through muslin 
was kept in a bath at 37° C. The second dog was similarly anaesthetized, 
and a cannula was inserted in its trachea. A cannula was inserted in the 
external jugular vein, and chloralose administered in a dose of 0*1 g. per 
kg. body weight; the volatile anaesthetic was then discontinued. The 
abdomen was then opened in the middle line, and the rectum divided 
between double ligatures. The inferior mesenteric artery was divided 
between ligatures. Since complete evisceration is difficult in most dogs 
without opening the chest, the chest was opened by a careful mid-line 
incision and artificial respiration applied. Small bleeding points were 
cauterized with a hot iron. The superior mesenteric artery and the coeliac 
axis were divided between ligatures. The cardiac end of the stomach was 
divided between ligatures, the portal canal divided between ligatures, 
and the stomach, intestines, pancreas and spleen then removed. The 
blood vessels in the mesentery lining the posterior abdominal wall were 
then divided so as to clear the area on the left side of the abdominal aorta; 
both kidneys were removed and the left suprarenal gland was excised. 
A loose ligature was then passed round the inferior vena cava just below 
the entrance of the left suprarenal vein. A series of five stout mass 
ligatures to enclose the whole cross-sectional area of the body w^all were 
placed in position as close to the lowest rib as possible. The dog w^as then 
killed by allowing its blood to run out through a cannula in the carotid 
artery. The dog was divided into two parts at the lower end of the 
thorax, the spinal column being sawn through above the diaphragm. 
Sufficient of the upper ribs were cut away with bone forceps to allow a 
cannula to be inserted into the pulmonary artery and a second into the 
tip of the left auricle. A stout string was tied around the ventricle near 
the base. The lungs were then perfused with defibrinated blood driven 
by one chamber of a Dale-Schuster [1928] pump, and were ventilated 
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through the trachea with a mixture of oxygen and 5 p.c. carbon dioxide. 
This mixture was blown through water at ZV C. 

The pulmonary circulation having begun, the lower half of the dog 
was prepared for perfusion. The open end of the spinal canal was plugged 
with plasticine. The diaphragm and the liver were cut away. The ab¬ 
dominal aorta was dissected with care and ligatures passed around it for 
the insertion of a cannula at the level of the left renal artery. The left 
sympathetic chain was exposed and cleared from other structures. The 
mass ligatures round the body wall were tied, care being taken not to 
include the aorta or the sympathetic chains on each side. The aortic 
cannula was then inserted and also a cannula in the inferior vena cava 
just below the entrance of the right suprarenal vein. The right suprarenal 
gland was cut away. The aortic cannula had a bubble trap attached, and 
a side-piece which was connected to a mercury manometer; the con¬ 
necting tube was filled with Ringer’s solution. Perfusion through the 
aortic cannula was then begun by means of the second chamber of the 
Dale-Schuster pump. The first 300 c.c. of blood issuing from the vein 
were collected, w'hipped and filtered before being returned to the system. 
The blood in the system was now pumped alternately through the lungs 
and through the hind part of the dog. The tissues of the dog very 
powerfully reduced the blood, and the lungs re-oxidized it so that the 
colour was once more bright red. Occasionally the lungs did not act 
efficiently; such an experiment was disregarded. 

The left (sometimes the right) sympathetic chain was then prepared 
for stimulation at a point about half-way between the renal artery and 
the aortic bifurcation opposite the fourth and fifth lumbar vertebrae. In 
earlier experiments the chain was divided and the lower end was stimu¬ 
lated; in later experiments two platinum electrodes were hooked under 
the chain and this was raised out of contact with other structures though 
not stretched. The electrodes were held rigidly in a clamp, and the por¬ 
tion of chain to be stimulated was surrounded by cotton-wool moist with 
Ringer; before stimulation the portion of chain between the electrodes 
was dried by touching it with an edge of filter paper. The stimuli were 
induction shocks from a primary circuit containing a 2-volt accumulator 
and a Lewis’s rotary contact breaker adjusted to give 18 breaks shock per 
second in the secondary circuit; when an ordinary magnetic interrupter 
is used in the primary, it is difficult to ensure that the rate of interruption 
is always the same. The preparation of the system described took from 
3 to 4 hours. 
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Experimental observations. 

When the perfusion through the lungs and through the hind part of 
the dog has begun, the height of the pressure in the aortic cannula de¬ 
pends upon the output per stroke of the pump, the rate of the pump and 
the resistance of the vessels in the hind 
part of the dog. In the experiments 
to be described the output per stroke 
and the rate were maintained constant 
throughout each experiment, the output 
per minute being about 80 to 100 c.c. and 
the rate being 92 per min. The pressure 
recorded in the aortic cannula was low 
in these circumstances, being only 20- 
30 mm. Hg. To the reservoir receiving the 
blood from the inferior cava, a slightly 
acidified dilution of adrenaline (1 in 
20,000) was added at a constant rate from 
a burette. The rate varied from 0-3 to 
1*0 c.c. per min. in different experiments. 

The blood containing this adrenaline was 
pumped in succession through the lungs 
and then through the hind part of the 
dog, in which it produced a rise in the 
peripheral resistance. The pressure in the 
aortic cannula rose, and it was possible to 
adjust this pressure to any given height 
by controlling the amount of adrenaline 
added from the burette; naturally any 
change in the rate of adding adrenaline 
was only followed by a change in the height of the pressure in the 
cannula after a few minutes’ delay. 

When the peripheral resistance had risen so that the cannula pressure 
reached 100-130 mm. Hg., and had been maintained there for 30-45 min., 
it was found that stimulation of the sympathetic chain was not always 
attended by vaso-constriction and a consequent rise in the cannula 
pressure. In Fig. 1 is shown the vaso-constriction produced by stimu¬ 
lating the sympathetic chain for 30 sec. with the secondary coil at 20, 
and also a vaso-dilatation produced by stimulation for 3 sec. with the 
secondary coil at 15. The vaso-constriction was produced when the 



Fi^. 1. Record of pressure in cannula 
in abdominal aorta of dog, the 
hind part of which was perfused 
with blood, a shows constrictor 
effect of stimulating the lumbar 
sympathetic chain for 30 sec. with 
secondary coil at 20 cm. b shows 
dilator o^ect of similar stimulation 
for 3 8c»c. with coil at 15 cm. 
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caanula pressure was about 70 mm. Hg. and the vaso-dilatation was 
produced when the cannula pressure was 150 mm. Hg. 

In the circumstances of these experiments it was not found that vasoi 
dilatation was an exceptional occurrence, and that vaso-constriction was 
the rule; actually the observations were the opposite of this, for vaso* 
dilatation was easier to elicit than vaso-constriction when the sym¬ 
pathetic chain was stimulated. There were experiments, indeed, through- 



Fig. 2. Similar record to Fig. 1 ia another dog. The effects of the sympathetic stimulation 
were all dilator, and no constriction was observed, a shows the responses after 0*1 mg. 
adrenaline was added to the circulating blood; b after 0*2 mg.; c after 0*3 mg.; d after 
0*42 mg. Stimulation was for the duration indicated with coil at 12 cm. throughout. 


out the whole of which vaso-dilatation was the only response; an example 
of this is given in Fig. 2. Fig. la shows the response to sympathetic 
stimulation when only 2 c.c. of adrenaline (— 0*1 mg.) had been added 
to a total blood volume of (>()() c.c.; the remaining portions of the figure 
show the increasing vaso-dilator response when more adrenaline was 
added, h after the addition of a total of 0*2 mg., c after 0-3 mg., and d 
after 0-42 mg. Throughout this experiment the strength of stimulation 
was unchanged (coil — 12 cm.), the duration of the applied stimulus 
being as shown in the figure. 
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Some experiments fortunately permitted a closer analysis of the con¬ 
ditions in which sympathetic stimulation resulted in vaso-constriction on 
the one hand, and in vaso-dilatation on the other. It was found that at 
any strength of stimulus, a brief stimulus gave vaso-dilatation, while a 
prolonged stimulus favoured the appearance of vaso-constriction. In 
Pig. 3, with coil at 20 cm., stimulation for 30 sec. produced vaso-con¬ 
striction, but the same stimulus applied for 3 sec. gave vaso-dilatation. 



Fig. 3. Similar to Figs. 1 and 2. In a a constrictor response follows stimulation for 30 sec. 
and a dilator response follows stimulation for 3 sec., the same strength of stimulus 
being applied each time. In 6 a stronger stimulus shows the same difference according 
to the time of application. Note that stimulation for 30 sec. evokes dilatation followed 
by constriction and that as the constriction passes off dilatation is again evident. 


The fall in the peripheral resistance when a brief stimulus was applied 
was seen to continue for a short time after the stimulus was stopped, and 
similarly the initial effect of the longer stimulus was seen to be vaso¬ 
dilatation which was quickly masked by vaso-constriction. When a 
stronger stimulus was applied (coil at 10 cm.) the same difference was 
observed between the short and the long application; the 3 sec. stimulus 
produced a simple though greater dilatation, and the 30 sec. stimulus 
resulted in a clear mixture of dilatation and constriction. It is worth 
careful note, that, after this longer stimulus at coil 10, the sequence was 
dilatation, constriction and again dilatation. The same sequence was 
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detectable with the longer stimulus when the coil was at 20, The signific¬ 
ance of this point will be discussed later. 

It follows from these observations that the sympathetic chain in the 
dog contains vaso-dilator as well as constrictor fibres; the existence of 
vaso-dilator fibres in the sympathetic is, therefore, placed beyond 
further doubt. 

Part II. 

The second part of the evidence presented in this paper deals with the 
effect of circulating adrenaline on the magnitude of the response to 
sympathetic stimulation; as has been explained, the work was primarily 
undertaken to investigate this effect. When the perfusion of the hind part 
of the dog is begun in the manner described, no adrenaline having been 
added to the reservoir collecting the venous outflow, stimulation of the 
sympathetic chain has very little effect on the tone of the vessels even 
when powerful stimuli are applied. With the secondary coil as close as 
10 cm., some slight change may be observed, just big enough to be 
recognized as an indisputable response; weaker stimuli than this are as 
a rule entirely ineffective, and stronger stimuli do not evoke greater 
responses. In all the experiments performed, there has been no exception 
to this finding, which is as uniform as the previous observations that in 
the same circumstances tyramine and ephedrine have very little con¬ 
strictor effect, in spite of the fact that the preparation is extremely sensi¬ 
tive to adrenaline [Burn, 1930 and 1932]. The response to sympathetic 
stimulation in these circumstances may be either a slight vaso-dilatation 
(Fig. 4) or a slight vaso-constriction (Fig. 5). 

Effect of pituitary extract. 

The response to stimulation is not increased by adding pituitary 
(posterior lobe) extract to the venous blood so as to raise the tone of the 
vessels and the pressure in the aortic cannula. Fig. 4a and Fig. 6a both 
show that the effect of sympathetic stimulation is only a slight vaso¬ 
dilatation although pituitary extract had been added to the circulating 
blood for 45 min. previously. In Fig. 66 the response remained unchanged 
1 hour later after further addition of pituitary extract (a total of 30 units to 
600 c.c. blood), and although the perfusion pressure was as high as 100 mm. 

Effect of adretmline. 

In complete contrast to pituitary extract stands adrenaline. If 
adrenaline is added to the circulating blood, sympathetic stimulation 
whether resulting in dilatation or constriction soon becomes much more 
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effective; greater responses follow the application of the same or much 
weaker stimuli. The effect of adrenaline in increasing the vaso-dilator 
impulses may first be illustrated. In Fig. 4 is shown the dilator response 
to stimulation of the sympathetic chain for 5 sec. and 30 sec. with the 
secondary coil at 15 cm. In Fig. ia the stimulation was applied when 
pituitary extract had been added to the circulating blood so that the 



Fig. 4. The record shows in a the feeble dilator responses to sympathetic stimulation when 
pituitary (posterior lobe) extract was added to the circulating blood to raise the 
vascular tone. In b the same stimuli were applied when adrenaline was added to the 
blood, and greater dilator responses were obtained although the vascular tone was no 
higher than in a. 

mean pressure in the aortic cannula was 80 mm. Pituitary extract had 
been added to the venous reservoir in amounts of 3 units every 5 min. 
up to a total of 30 units. The effect of stimulation having been recorded 
as shown, about 300 c.c. of the blood in the system was replaced by an 
equal volume of blood containing no pituitary extract. This newly added 
blood was part of the same original stock as that already perfused. When 
the change had been made, the tone in the vessels fell, and adrenaline 
(1 in 20,000) was then added steadily (0*5 c.c. per min.) to the venous 
reservoir. The presssure in the aortic cannula again rose; when it had 
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almost reached the previous level, though not quite, the addition of 
adrenaline was stopped, and in a few minutes the stimulation of the 
sympathetic chain was repeated using the same strength and duration of 
stimulus. Fig. 46 shows that the vaso-dilator response was much greater 
than before. It is evident that the increase was not due to the effect of 
adrenaline in creating vascular tone, for this was actually higher when 
the perfusing blood contained pituitary extract. 

Not only does adrenaline augment the vaso-dilator response to sym¬ 
pathetic stimulation, but it augments the vaso-constrictor response also. 
While in some preparations the only effect of sympathetic stimulation 
was to produce vaso-dilatation, in some others the only effect was to 
produce vaso-constriction; the effect of adrenaline in augmenting the 
vaso-constrictor response is best seen in one of the latter. An illustration 
appears in Fig. 6. At the beginning of the experiment a perceptible effect 
was not produced in the vessels by stimulation when the secondary coil 
was further away from the primary than 10-12 cm. Adrenaline was then 
added to the venous reservoir at a steady rate, and when the cannula 
pressure had risen to about 180 mm., stimulation with the secondary coil 
at 15 or 20 cm, produced more vaso-constriction, although the vessels 
were already in much greater tone. The addition of adrenaline to the 
reservoir was stopped, and after an interval the tone in the vessels fell. 
In Fig. 5rf, stimulation for 5 sec. at coil 20 was ineffective, stimulation 
for 30 sec. was almost ineffective, but stimulation at coil 15 provoked 
vaso-constriction. With further addition of adrenaline, stimulation at 
coil 20 became once more effective, and as shown in Fig. and A, re¬ 
mained effective after the adrenaline was again discontinued, and the 
tone allowed to disappear completely. The record shows that the addition 
of adrenaline not only raised the vascular tone, but augmented the 
response to sympathetic stimulation, and that the two effects were not 
connected. For comparison of Fig. 5a, d, g and A, in all of which the effect 
of adrenaline on vascular tone was slight, shows a steady increase in 
the augmentation of the response to sympathetic stimulation the longer 
adrenaline has been present in the blood. It is true that as the tone 
becomes less, the efficiency of the stimulation becomes less (cf. Fig. bg 
and A), but the two effects do not increase and diminish in parallel; the 
augmentation of response to stimulation persists much longer. The 
greatest responses were certainly obtained when the tone in the vessels 
was greatest, but no suggestion has yet been made in physiological work 
that the more vessels ate constricted, the more easily can constrictor 
effects be elicited in them; hence even the records in Fig. 56, c, e and/are 
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good evidence that adrenaline augments the response to stimulation 
apart from its effect on vascular tone; the effect is evidently exerted in 
spite of its effect on vascular tone. 



Fig. 5. The record shows in a that, in the absence of adrenaline, the weakest effective 
stimulus was obtained with coil at 10 to 12 cm. After the addition of adrenaline, 
stimulation at 16 or 20 cm. produced constriction although the tone was much higher 
(6 and c). In d the tone was lower; stimulation at 20 cm. was almost ineffective, but at 
15 cm. effective. Further addition of adrenaline now made stimulation at 20 cm. 
effective (c and/), and this stimulation remained effective after the adrenaline addition 
was stopped so that the tone fell in A to what it was in o. 


The part which adrenaline plays in producing these changes is better 
understood from consideration of such an experiment as that illustrated 
in Fig. 6, in which both dilator and constrictor effects followed sym¬ 
pathetic stimulation. In Fig. 6a and 6, as already described, the same 
feeble dilator response to a powerful stimulus was observed at different 
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times when pituitary extract had been added to the circulating blood. 
This response was the same as that observed before the addition of 
pituitary extract when the pressure in the aortic cannula was as low as 
30 mm. After the observations in the presence of pituitary extract had 



Fig. 6. The record shows at a and b the feeble dilator responses evoked by sympathetic 
stimulation with coil at 10 cm. when pituiUry (posterior lobe) extract is present in the 
circulation; the record at b was 1 hour later than at ci. Adrenaline was then added to 
the circulating blood and the records show the gradual change from a dilator to a 
constrictor response to sympathetic stimulation. In e a pure constrictor response is 
shown at the same level of tone as existed at a. In g note the decreasing effect of 
successive stimulations. 


been made, some of the blood was removed and replaced by other blood 
of the same original bulk, and adrenaline was slowly added to the venous 
reservoir. Fig. 6 c shows that with coil at 12, a greater dilator response 
was then obtained. In Fig. the addition of adrenaline was stopped, 
and stimulation (coil at 15 cm.) produced dilatation followed by slight 
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constriction. When the tone had fallen low, the same stimulation as the 
last produced constriction (Fig, 6^); this effect, it may be noted, was 
obtained at the same height of pressure as the dilator response seen in a, 
though stimulation for 30 sec. at coil 16 was at that point without effect. 
The addition of adrenaline was then begun again, and although the tone 
was higher, the main effect of stimulation was constriction (Fig. 6/). 
Between Fig. 6/and g the adrenaline addition was once more stopped and 
restarted, the effect of the first three stimulations after the restart being 
shown in g. The degree of constriction was progressively less with each 
stimulation, and the results indicated that the constrictor mechanism was 
fatigued by successive stimulations. 


Discussion. 

Evidence has been presented (1) that, in the perfused preparation, 
stimulation of the lumbar sympathetic chain in the dog leads to vaso¬ 
dilatation, (2) that the magnitude of the vascular response to sympathetic 
stimulation, whether constrictor or dilator, is increased by the presence 
of circulating adrenaline. The preparation which was used enabled the 
changes produced by sympathetic stimulation to be observed in the 
main vessels from the abdominal aorta downwards; hithei*to the changes 
have usually been observed by means of a plethysmograph which, when 
applied to the leg, records little of the volume above the knee and in¬ 
dicates the response of the smaller vessels only. I have made one plethys¬ 
mograph experiment, using a dog anaesthetized with chloralose; the 
viscera were removed and the lumbar chain was stimulated; when 
adrenaline (1 in 100,000) was infused at a steady rate into the external 
jugular vein so as to maintain a high arterial pressure, the stimulation 
was observed to produce vaso-dilatation in the limb. 

The success of the perfusion experiments in demonstrating sym¬ 
pathetic vaso-dilator fibres appeared to depend mainly on the observa¬ 
tion that the presence of adrenaline in circulating blood augments the 
response to sympathetic stimulation. In the course of preparing the hind 
part of a dog for perfusion, the circulation is completely absent for a 
period varying from 30-50 min., and during this period of anoxaemia all 
adrenaline present in the tissues (whether at the terminations of the 
sympathetic nerves or elsewhere) is probably destroyed. Whether this be 
true or not, the fact remains that when the perfusion is begun and con¬ 
tinued for an hour or more with defibrinated blood alone, stimulation of 
the lumbar sympathetic is almost without effect, whatever the strength 
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of stimulus applied. This observation is in complete conformity with the 
previous observations [Burn, 1930 and 1932] that the constrictor action 
of tyramine and ephedrine, substances which act on that part of the 
sympathetic nerve ending which does not survive degeneration, is in 
the same circumstances insignificant. The addition to the circulation of 
pituitary (posterior lobe) extract does not modify these responses, but 
when adrenaline is added, the responses become much greater. Tyramine 
and ephedrine exert a much greater constrictor effect, and in those dogs 
in which the response to sympathetic stimulation is constrictor, the 
constrictor response becomes greater as well. 

This dependence of the magnitude of the response to sympathetic 
stimulation on the circulating adrenaline has made easy the demonstra¬ 
tion of vaso-dilator fibres. For when adrenaline was added to the cir¬ 
culating blood, the conditions produced were such as to favour the 
demonstration of vaso-dilator effects, if any were to be obtained. The 
addition of adrenaline may be supposed to have increased the efficiency 
of the constrictor fibres and of the dilator fibres to the same extent, but, 
since it raised the vascular tone, it facilitated the vaso-dilator responses 
and made more difficult the appearance of the vaso-constrictor responses. 
It is this circumstance, favouring vaso-dilatation and opposing vaso¬ 
constriction, wdiich enabled vaso-dilator fibres to be demonstrated, for 
under most other conditions the preponderating effect of vaso-constrictor 
fibres makes the demonstration impossible. 

Perhaps the most distinguished school which has till now rejected the 
evidence for the existence of sympathetic vaso-dilator fibres is that of 
Cannon. Yet the direct demonstration of the existence of these fibres, 
or rather of the fact that sympathetic stimulation produces vaso¬ 
dilatation, at once affords an explanation of the puzzling results which 
Bernard Cannon [1931] found to follow the piecemeal removal of the 
entire sympathetic system. He observed that on each occasion when 
large portions of the sympathetic in the dog were extirpated, there was 
a fall of general blood-pressure on the following day, followed by re¬ 
covery and a supernormal rise to a maximum on the sixth to tenth day. 
Apart from the immediate effect, the main effect of removal of portions 
of the sympathetic was not a fall, but a striking rise of pressure, which 
Bernard Cannon suggested was due “to an over-compensation by the 
remnant of the sympathetic system at each step, except the last, for the 
part that has gone.” The demonstration of vaso-dilator fibres affords an 
alternative explanation. The immediate effect of operative removal of 
portions of the sympathetic system must be stimulation of the peripheral 
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neurones severed from their central connection; the fall of blood-pressure 
on the day after the operation may then have been due to stimulation of 
vaso-dilator fibres by the injury. The supernormal rise on the following 
days may have been due to the removal of the normal vaso-dilator control 
exerted by the portion of the sympathetic removed. To those accustomed 
to conceive of the sympathetic control of the vessels as a mechanism for 
keeping the blood-pressure high, such an explanation may not readily 
appeal, yet once the demonstration of the existence of vaso-dilator sym¬ 
pathetic fibres is accepted, it follows that the sympathetic system must 
act as a mechanism not only for raising, but also for lowering the blood- 
pressure, and that preconceived ideas of what will happen when the 
sympathetic is removed must be modified. The experiments of Bernard 
Cannon may, in fact, be a demonstration that in the dog the sympathetic 
vaso-dilator fibres are of more daily importance than the vaso-constrictor 
fibres; it may be during moments of stress only that the constrictor fibres 
are called into play. 

It has been suggested that if the view is correct for which Loewi 
[1921J first adduced important experimental evidence, though it was 
originally propounded by Elliott namely that the sympathetic 

fibres exert their effect by the liberation of small amounts of adrenaline, 
there may be no essential difference between vaso-constrictor and vaso¬ 
dilator fibres. Since small amounts of adrenaline cause vaso-dilatation, 
and larger amounts vaso-constriction, it is possible to suppose that the 
effect of stimulating the same nerve fibre may be to produce either vaso¬ 
dilatation or vaso-constriction according to the conditions of stimulation. 
A weak stimulus might liberate a small amount of adrenaline and lead 
to vaso-dilatation; a stronger one might liberate a larger amount and 
cause vaso-constriction. The results described in this paper do not con¬ 
form with this suggestion. If the results illustrated in Fig. 3 be examined, 
the sequence of dilatation, constriction and dilatation follows the 
stimulation with coil at 10 cm.; this sequence can only be understood if 
it is assumed that there are two sets of fibres which are stimulated 
simultaneously, the one dilator and the other constrictor, so that the 
result of stimulation is the algebraic sum of the two effects; if there were 
not, the dilatation following the constriction would not be seen. Further¬ 
more, as illustrated also in Fig. 3 (and other figures), the effect of employ¬ 
ing a stronger stimulus was regularly observed to favour the appearance 
of vaso-dilator effects; to obtain vaso-constriction, the weaker stimuli 
applied for a longer time were most suitable. 

The effect of adrenaline in augmenting the response to sympathetic 
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stimulation is easy to understand if the truth of the view is granted that 
sympathetic stimulation results in the release of adrenaline. This view has 
now received the support of the experiments of Cannon and Bacq 
[1931], in which stimulation of the pilomotor fibres in the cat was shown 
to cause a rise in the rate of the denervated heart. The authors postulate 
the existence of a substance “Sympathin’’ which is released in the 
blood after sympathetic stimulation. 

If it is true that sympathetic stimulation releases adrenaline, then it 
is evident that a store of adrenaline must exist at the sympathetic nerve 
ending ready for release; the feeble response to stimulation of the lumbar 
chain in the perfused preparation may then be attributed to the destruc¬ 
tion of this store during the period of anoxaemia between the death of the 
animal and the beginning of the perfusion. With the addition of adrena¬ 
line to the circulating blood, the store is gradually replenished, so that 
after a time the stimulation of the lumbar chain produces a much greater 
effect. 

This, however, is merely one possible explanation of the part played 
by adrenaline in increasing the efficiency of sympathetic stimulation. 

The question remains whether the effect exerted by the adrenaline in 
the perfusion experiments is peculiar to such experiments, or whether 
it can be demonstrated in the animal. 1 have already made some experi¬ 
ments on cats in which both suprarenals were removed on one day, and 
the effect of sympathetic stimulation on the vascular response was 
observed on the following day. Evidence was obtained that the addition 
of adrenaline to the circulating blood again augmented the response to 
sympathetic stimulation. Before publishing these results, it seems 
desirable to make a longer investigation than has yet been possible. 

Summary. 

1. The existence of vaso-dilator fibres in the lumbar sympathetic 
chain of the dog has been demonstrated. 

2. It has been shown that both the magnitude of the vaso-dilator 
response and the magnitude of the vaso-constrictor response to sym¬ 
pathetic stimulation are dependent upon the amount of adrenaline in the 
circulating blood. 


I wish to thank Mr H. W. Ling for his help in the experiments. 
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W H E N a muscle is excited through large fluid electrodes it may exhibit at 
least two excitabilities eliaracterized by very different time relations (ex¬ 
citation tim<‘s)^. Lucas [1907-8J, who was the first to demonstrate this, 
ealh^l y the excitability resembbng nerve in its excitation time, and a the 
excitability which was much slower. He believed y to be due to the in¬ 
tramuscular nerve twigs, since in addition to its resemblance in excitation 
time it was absent from the nerve-free part of the sartorius and was 
abolished by curare: a he supposed to be the excitability of the muscle 
fiV)res thems(‘lves, Until the last year or so this view was strongly opposed 
by liapicque, who us(‘d a different electrode system, never obtained a, 
and concluded that nerve and muscle have the same short excitation 
time, and that Lucas’s results w^ere due to experimental errors. 

The work of J iiinaka and Azuma, Davis, and Watts shows clearly 
tliat the excitation time of inuside diminishes very greatly with tiiminu- 
tion in size of the (dectrodes employed, though with nerve this effect is 
small; hence by the use of smaller and smaller electrodes the muscle 
ex(*itation time will diminish much faster than will that of the nerve, and 
consecjuently the two will approach. 

Now if the detection of two excitabilities rests upon the observation of 
a kink in the strength duration curve, it is necessary that the two curves 
in question should in the first place meet and in the second place meet at 
a significant angle. But if the t\vo excitation times are nearly the same, 

^ Since Lapitujue ha« insisted that the name “chronaxie” is not to be applied to the 
constant derived from strength iluration curves unless they lit an empirical formula which 
he has introduced, 1 have recently proposed [1932] that Lucas's term “excitation time” 
be used to designate the constant in all cases whatever, and thus the chronaxie is a parti¬ 
cular exoitation time which satisfies Lapicque’s requirements. 
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there is very little chance of the curves meeting, since one is apt to lie 
completely above or below the other, and if intersection does occur it is 
little likely to be noticed on account of the insensitiveness of the usual 
method of representation. 

From these considerations it is clear that, if we wish to be sure of the 
presence of both a and y excitabilities, it is important to use sufficiently 
large electrodes for the a excitation time to be long, for y resembles nerve 
in that its excitation time is relatively independent of electrode size. 

With this in mind I have recently reinvestigated the question of 
whether the a phenomenon represents a separate excitability, or whether 
it is due to some error or abnormality [1930]. Using fluid electrodes with 
interpolar length of 1 cm. or more, the a curve can be obtained from any 
voluntary muscle, and all the evidence points to its being a normal con¬ 
stituent of the tissue. The question then arises, if the a excitability is a 
normal muscle element, what is the y? Is it a different normal muscle 
element, is it the same element but excited differently {e.g. when excita¬ 
tion is elicited from the middle, not the end of a muscle fibre as suggested 
by Moore and Briicke [1931]), is it nerve, or is it junctional tissue ? It is 
this question which the present investigation sets out to answer, but at 
the outset one point must be made clear. The y excitability to be iden¬ 
tified is that element which gives a y curve in experiments with tmiform 
electric fields when the irregularities at the terminations of muscles are 
screened [cf. Rushton, 1930, p. 331]. The fact that a curve with y time 
relations may be obtained with the use of a pore electrode does not 
necessarily mean that the substance there excited was the same as that 
to be investigated in the present paper. It is hoped that this study of 
comparatively simple and regular cases may throw some light on the 
difficult cases of non-uniform fields. 

Localization of THEy excitabilitv. 

(a) The size of the y substanee. 

By y “substance” is meant the tissue which is directly excited by ay 
stimulus and whose time relations characterize they curve. As a first step 
towards identifying this substance with some definite histological entity, 
we proceed to enquire as to the size of the substance, whether for instance 
it be small or large compared with 1 mm. Light upon this matter is 
thrown by the relation between threshold and position of the electrodes. 
This relation was determined upon two species of frog, R, pipmis (U.S.A.) 
and R. ternporaria (England). The results in each case lead to the same 
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conclusions, but those with R. temporaria 2 i,Te more straightforward and 
will be considered first. 

In order to expose any given region of the muscle to a uniform electric 
field whilst keeping each end of the muscle equipotential, the excised 
sartorius was held by its ends on the floor of a rectangular trough filled 
with Ringer’s fluid [Rushton, 1927, Fig. 1]. The pelvis was fixed and the 
tibial tendon attached to a light tension lever. Silver plates which fitted 
the cross-section of the trough (except for a gap below for the muscle) 
served as electrodes, and could be moved at will over any part of the 
muscle. Since there w^as a uniform field between the plates and an equi¬ 
potential region beyond, they fulfilled the conditions of the present in- 
v^estigation so long as they did not move to the extremities of the muscle 
and extend the field to the irregularities there. In series with the elec¬ 
trodes was a non-inductive resistance of 10,000 ohms. Current strengths 
were controlled by a high resistance pot^uitiometer used in conjunction 
with a voltmeter; durations of current by a Lucas pendulum. In order 
that the silver electrodes should be non-polarizable they were coated 
with chloride in tlie usual manner, but in this condition they appeared to 
have some toxic properties. 

When freshly chlorinated electrodes were placed in Kingers fluid just above the muscle, 
it was found that spontaneous rhythmic contractions resulted. Sometimes these started 
within a few seconds of applying the electrodes, sometimes not until current had been 
pastK^d between them. The spontaneous contrac tions when once started continued a long 
time in spite of removal of electrod(‘8 and changes of fluid. This difficulty in former experi¬ 
ments led me to abandon the Ag-AgCl type of electrode and use Zn-ZnSO* Agar-Kinger. 
For the present experiment it was ne< essary to use plate electrodes, and so I returned to thi* 
question of these spontaneous contractions. The electrodes were made of pure electrolytic 
silver, the soldered connections were coated with paraffin wax, and after chlorination the 
electrodes were washed for an hour in running water. The contractions still appeared, and 
it seems probable that they are due either to the AgCl, or to the Ag"^ ion which, according 
to the theory of the non-polarizable electrode, must be present in the solution round the 
electrode in appreciable concentration. Seeing how commonly this type of electrode is used 
it might seem remarkable that the present observation is not of general occurrence, but in 
the first place there is often a w ad of cotton-wool or clay between electrodes and tissue, and 
in the second, nerve is the tissue* more often investigated, and this tissue is not much affected. 
1 have never noticed any effect ui>on the nerve in these circumstances which may perhaps 
be attributed to the thick connective tissue sheath. Feng and Gerard [1930] have shown 
what part this sheath may play in withstanding the diffusion of substances, and if a nerve 
trunk is left overnight in 2 p.c. AgNOa, and the sheath removed next day, after washing, 
the fibres within are not stained. 


In the present experiment, therefore, the electrodes after chlorination 
were coated with Agar-Ringer, in which condition they were found never 
to give rise to spontaneous twitchings. 


11—2 
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In the apparatus described above, it is the e.m.f. of the exciting 
circuit which is read, but what we require to know is the current or 
potential gradient in the solution. In order to obtain the relation between 
these two it is necessary to calibrate the apparatus for various positions 
of the electrodes. Both physical and physiological calibrations agreed in 
showing that the variable fluid resistance was so small a fraction of the 
fixed resistance of the circuit that the current was always proportional to 
the E.M.F. correct to 1 p.c. 

The physical calibration was made either directly by placing a milliammeter in series 
and reading the current flowing in the various cases, or by finding the resistance of the 
electrode system in an a.c. bridge (1000 cycles) and calculating the variation in the final 
circuit. In the physiological method a sciatic nerve bent double on itself was substituted 
for the muscle in the trough. The anode was placed over the nerve a few millimetres from 
the bend and the cathode placed at various distances away so that the bend always lay in 
the region between the two electrodes. In this arrangement the physiological cathode 
always bes at the bend, the interpolar length remains constant, and hence the threshold 
always corresponds to some definite value of the current in the trough. It was found that 
the threshold e.m.f. was independent of the distance apart of the electrodes. 

We may therefore take the voltmeter readings as proportional to tlie 
potential gradient in the trough. 

The experiment was performed as follows. The sartorius was set up as 
described with the deep surface uppermost, and the cathode was placed 
over the muscle near the pelvic end. The anode was placed near the other 
extremity of the muscle, and a strength duration curve taken. The y 
curve was always prominent, and a stimulus duration of lOcr usually was 
sufficiently short to avoid confusion with the a threshold. Some shorttu* 
duration, usually 1 or 2a was taken and used throughout the experiment, 
and the threshold was found for different positions of the electrodes. 
Fig. 1 shows the results of one experiment, where ordinates give the volt¬ 
meter readings of the threshold (size of “point ' gives limit of error) and 
abscissae show the position of the variable electrode. 

Consider first curve A, which corresponds to a cathode fixed at 0 at 
the pelvic end of the muscle and movable anode. At first, diminution in 
interpolar distance is unaccompanied by any threshold change, but soon 
the curve rises smoothly to become vertical at an electrode separation of 
17 mm. This result is very regular and can be repeated accurately. In 
many experiments (cf. Figs. 3 and 9) the vertical part of the curve is met 
by a new horizontal line corresponding to an excitability unaffected by 
further movement of the anode until the electrodes lie only 2 or 3 mm. 
apart. With regard to this horizontal part of the curve it may at once be 
stated that it is the a excitability, and we find again the well-known 
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observation that (with large electrodes) a alone is present at the pelvic 
extremity. In order to learn whether it be possible that the y substance 
be small compared with 1 mm., let us assume this to be the case and 
interpret the results of Fig. 1 in terms of this hypothesis. It is clear that, 
if the most excitable y element lies somewhere between the electrodes. 



Fij?. 1. Strength-length curve {li. temporana). Abacissse length in millimetres, ordinates 
current strength in arbitrary units. A , B, t\ see text. 

the observed threshold will depend simply upon the current in the neigh¬ 
bourhood of this y element, and hence will be unchanged by movement of 
the electrodes until one of them passes over this element and excludes it 
from the field, when the threshold will promptly rise to that of the most 
excitable element now remaining in the field. Interpreting Fig. 1, curve A^ 
in this manner, therefore, we must conclude that the most excitable y 
elements are situated near the extreme tibial end of the muscle, and that 
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those with increasing threshold are distributed with surprising regularity 
as we approach the centre of the muscle; the pelvic half is very inex- 
citable, since in general noy excitability is revealed when the anode lies on 
the pelvic side at the place where curve A becomes vertical. This may not 
have an air of great probability, but the evidence so far is not definitely 
incompatible with the hypothesis of small y elements; by a further ex¬ 
periment, however, we may completely exclude this hypothesis. 

Fig. 1, curve B, is the result of repeating the observations on the same 
preparation, but with the anode now fixed at the point marked 22 mm. 
and with the cathode at the various positions shown by the abscissae. 
On the hypothesis of small y elements we must again suppose that the 
variation of threshold is due to the exclusion, one by one, of the most 
excitable elements from the field, and since curve B rises as we move to¬ 
wards the tibia, it follows that in this case the most excitable fibres lie on 
the pelvic side. But this introduces the contradiction that, in that region 
of abscissae where the two curves are both sloping markedly and in oppo¬ 
site directions, they elements must be assumed for A to be more excitable 
tow’^ards the tibia, for B, more excitable towards the pelvis. Specifically, 
in the region between 17 mm. and 20 mm. a movement of the anode 
(curve A) causes a sharp change of threshold, showing that the y elements 
in the neighbourhood of this electrode are more excitable than any other 
elements in the field. But if instead of moving the anode the cathode is 
moved (curve J5), there is also a sharp threshold change, indicating that the 
elements in the cathode neighbourhood are the most excitable. Since the 
two conclusions are necessarily incompatible we are left no option but to 
reject the assumption that the y elements are small, and to conclude first 
that the observed thresholds are affected by the length of the y substance 
exposed to the field, and second that the lengths in question must be 
at least of several millimetres. 

(b) The position of the y substance. 

Granted that the y substance has extension of several millimetres it is 
not surprising to find that the threshold depends upon how much of this 
length is exposed to the stimulating current. Experiments upon the rela¬ 
tion between interpolar length and threshold have been made by a large 
number of workers, who have agreed that the curve obtained resembles 
the strength duration curve (thresholds plotted vertically in each case) in 
that it becomes asymptotic to the vertical axis and to a line parallel to the 
horizontal axis but above it. An example of a strength-length curve ob¬ 
tained upon nerve by the method of the present paper is shown in Pig. 2 
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of a former paper [Rushton, 1927], and some results of earlier workers 
are shown there in Pig. 3. 

Now, in the present case, we have seen that they substance must have 
several millimetres extension, and thus it must have a cylindrical struc¬ 
ture, for no other kinds of excitable structures of that size are present in 
the sartorius. But, as I have attempted to show [1927], the very cylin¬ 
drical structure will account for the exact form of the strength-length 
curve on the simplest physical assumptions. Hence it is natural to suppose 
that the y fibres will exhibit a strength-length curve of the usual shape. 
Tliis is seen in Fig. 1 to be the case. As the electrodes approximate, no 
matter which is moved, the threshold rises and curve A, where the cathode 
is fixed, is seen to resemble closely the corresponding curve for nerve 
shown in the former paper. It is not to be supposed that the y fibres 
necessarily stretch all the way between the electrodes in every case, but 
fibres must run towards the tibia at least as far as the point where the 
curve A becomes horizontal, for if they ended at some earlier point we 
could not account for the continuc^d fall in threshold as the anode moved 
from this point to the 25 mm. mark. By the same argument the y fibres 
must run towards the pelvis at least as far as the point where the curve A 
becomes vertical. But, whereas it is possible that the fibres extend 
tibially even further than the point where curve A becomes horizontal, it 
is not possible that these fibres run further towards the pelvis than the 
vertical asymptote. Both from theory and experiment with excised nerves 
it is found that tlie curve only becomes vertical when the interpolar length 
becomes infinitesimal, and we may therefore conclude that the y fibres 
stimulated in curve A run towards the pelvis only as far as the vertical 
asymptote; between this point and the pelvis the length of fibre is infini¬ 
tesimal, hence the fibre either here ceases altogether, or else turns and runs 
no further in the pelvic direction. From this analysis we may, therefore, 
conclude that the histological elements which give rise to the y curve A, 
are fibres which start at a fixed point 17 mm. and run in the tibial direction 
for at least 8 mm. 

When the experiment of Fig. i, curve A, is repeated with the current 
reversed and the cathode now fixed at the tibia, curve C, Fig. 1, results. 
In this case the cathode was kept fixed at 28 mm. and the anode moved to 
points as indicated by the abscissfe. The curve obtained is in all respects 
similar to A and may be shown like A to be due to the change in interpolar 
length and not to the exclusion from the field of small excitable structures. 
All the former analysis of A applies equally to C, and we must conclude 
that a second series of y fibres exist starting at a definite point and running 
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in the opposite direction. We note, moreover, that the vertical asymptote 
for curve A is the same as for that of curve C, whence we conclude that at 
this point, which we may call the “ originof the y fibres, they start and 
run, some towards the pelvis and some towards the tibia for distances of at 
least 8 mm. We must also accept the remarkable fact that when the whole 
muscle is placed in a uniform field (parallel to the axis of the muscle) only 
those y fibres which lie on the anodic side of their “origin” respond, 
whichever the direction of the current. 

(c) Direction of y fibres. 

One deduction from the cylindrical structure of the y fibre is the form 
of the strength-length curve; this as we have seen is experimentally 
verified. Another deduction [Rushton, 1927J is the relation between 
threshold and the angle between fibre and direction of current. It appears 
that, if a straight fibre is immersed in a uniform electric field at any angle, 
it will be excited proportionally to the component of the field resolved in 
the direction of the fibre. Experimentally this has been found by many 
workers both in muscle and nerve, and results obtained with the apparatus 
of the present investigation are given for nerve [Rushton, 1927, p. 371], 
for muscle [1930, p. 332], where former work is discussed. In particular 
the method of plotting in polar coordinates has considerable advantages, 
as the relation between angle and threshold appears as a straight line 
perpendicular to the direction of the fibres. It is, therefore, clear that we 
may find the direction of unknown straight fibres by obtaining tliis line 
from the threshold-angle results in polar coordinates, and drawing a 
perpendicular to it. 

Experiments exactly upon these lines have alr(*ady been described 
[Rushton, 1930], and Fig. 14 of that paper shows a set of results with 
the sartorius, where it is seen that they fibres (in contradistinction to the 
a fibres whose thresholds lie within the heavy curve) run in a gn.*at many 
directions. This result is always obtained, and similar threshold-angh* 
curves are shown here in Fig. 5 (upper half) and in Fig. 9 (bottom). The 
actual curves vary greatly from one preparation to another, but always 
agree in that the y fibres run in a great many direotion.s. The complexity 
of the results with the sartorius makes a detailed analysis unprofitable, 
but further light on this question will be tlirown by the comparatively 
simple case of the sterno-cutaneous strip, considered in a later section of 
this paper. For the present suffice it to remark that the y fibres are by no 
means restricted to the direction of the muscle fibres, but run in many 
different directions and vary greatly from one preparation to another. 
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Comparison with histology. 

There are several other lines of investigation which may be employed 
to identify further the y fibres, but since the foregoing analysis would 
suggest very strongly that these fibres are not muscle but nerve fibres 
(even if this conception had not already been supported by the evidence of 
L ucas), it will be convenient to consider this hypothesis at once. In this 
way it will first be shown that the results so far considered fit in detail, 
and then the further analysis may be presented in connection with the 
histology of the nerve fibres, so that the correspondence may be more 
directly appreciated. 

We have seen from the evidence of Fig. 1 that the y substance is in 
the form of fibres which start from a point, their “origin,” and run some 
towards the pelvis, some towards the tibia for a distance of about 8 mm. 
or more. If all the muscle fibres ran from one end of the sartorius to the 
other, this evidence would exclude the muscle fibres from being identified 
with the y substance, but since some fibres certainly end in the body of 
the muscle, it might conceivably happen tliat these were more excitable 
than the others, and thus account for the observation. However, the 
evidence concerning the direction of the y fibres excludes this possibility, 
and microscopic examination does not show any large number of muscle 
fibres ending at the y origin, but it does show that the y origin 
corresponds exactly with the point of entry of the nerve 
trunk. 

This correspondence cannot be regarded as a coincidence. The localiza¬ 
tion can easily be made in the fresh preparation during the actual 
stimulation, correct to ± 0-5 mm., and in all of a large number of experi¬ 
ments with different kinds of technique the correspondence has been 
exact within these limits. Fig. 2 shows quite a different form of apparatus 
similar to Lucas’s. It is less accurate and more troublesome than that 
already described, but it is interesting as affording a control upon the 
other method, since in this case “deformation of current” is of quite a 
different kind from that where the muscle is completely immersed, and 
also because the zinc electrodes are separated from the muscle by side 
tubes filled with Agar-Ringer, so that poisoning and potential discon¬ 
tinuities are eliminated. The interpolar length of the muscle is the part 
in air between the two liquids. This was varied by opening the tap to 
cistern A, and for each position of the liquid the threshold voltage and also 
the A.c. resistance of the circuit were measured (1000 cycles). Fig. 3 shows 
the muscle (R. pipiens), stained for nerves by May’s method, and also 
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the strength-length curve with cathode fixed at the pelvis. The strengths 
are proportional to the calculated current intensities. It is seen that, by 
this method also, the vertical asymptote coincides with the point of nerve 
entry. The horizontal line to the left of the vertical was found to be due to 
the a excitability. Fig. 4 shows the curves of Fig. 1 together with the 
corresponding preparation stained for nerves by May’s method, and we 
see the verification of the earlier deductions that fibres start at the point 



Fig. 2. Second form of apparatuB. 

Fig. 3. Strength-length curve from apparatus of Fig. 2. Sartorius muscle (Ji. pipien^) 
drawn to the scale of the horizontal axis. 


“ 17 mm.” and run for at least 9 mm. to the left. With regard to the fibres 
running to the right, they should run at least 4 mm. further than appears 
in the tracing. This discrepancy is probably due to the fact that the 
peripheral nerve twigs do not always take the stain very well, and 
it is easily possible that some long fine branches may run for several 
millimetres further to the right without appearing in the tracing. As 
a result of the foregoing experiments, therefore, we may conclude that 
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the nerve fibres fit the requirements of the y substance to the following 
extent. 

(а) They are in the form of fibres. 

(б) These enter the muscle at the exact point where the y fibres 
start. 

(c) They run in both directions a distance of some 8 mm. measured 
along the axis of the muscle. 



Fig. 4. Strength-length curves from Fig. 1 and sartorius muscle {R, temjtoraria) 

drawn to scale. 


(d) They run in many directions. 

(e) They are absent from the pelvic extremity. 

{/) They have the same excitation time as nerves. 

This identification may be yet considerably strengthened by experiments 
with the sartorius of the American green frog and the sterno-cutaneous of 
the American bull-frog, but before describing this work it will be well to 
consider the critical question: “Are they fibres undetectable after curare? ” 
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Curare. 

I do not wish to discuss at any length the action of curare until a later 
publication, but if y fibres are nerves the abolition of their action by the 
drug is so obvious a consideration that it clearly deserves investigation in 
this place. Without the necessity of entering into details, however, it may 



Fig. 5. Threshold-angle results for various durations of stimulus. Results before curare 
above horizontal, results after curare reflected btdow. Distance of “point’’ from 0 is 
proportional to threshold, direction of line from “ix)int“ to O is the direction of the 
current with respect to the muscle shown diagrammatically {R. pipiem*). 

at once be stated that no case was ever encountered where the y excita¬ 
bility remained after curarization. These observations upon the action of 
curare arc in complete agreement with the present hypothesis, but they 
fit equally the theory of Lapicque that they substance may be muscle, 
and that the y excitability vanishes after curarization, not because the 
excitable fibres are no longer operative, but because their excitation time 
has lengthened and no longer has the y time relations. The following 
experiment decides against Lapicque’s explanation. 
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The threshold-angle curve of a sartorius was determined at various 
durations of current flow, and the results are shown in Fig. 5 plotted as 
usual in polar coordinates. The upper half of the circle shows the results 
before curare (cathode towards pelvis), the repetition of the same after 
curarization is shown for clearness reflected about the horizontal diameter, 
and they thus appear below. 

These lower results are, therefore, uncomplicated by the irregularity 
of nerve structure, and appear exactly as would be expected—a set of 
parallel straight lines, indicating fibres running in the direction of the 
muscle fibres. 

Now since curare cannot alter the direction of a fibre, the upper 
results of Fig. 5 should also be a set of horizontal parallel lines ifLapicque 
were right, and the fibres excited initially were the same as those after 
curarization. But these upper results indicate quite a different set of 
fibres running in various directions in the way that has already been 
shown to be normally the case with y fibres. It is, therefore, clear that the 
action of curare upon the y fibres is not to alter their time relations as 
Lapicque suggests, but to remove their activity altogether and to leave 
a new set of fibres (a) with different time relations, and a different direc¬ 
tion, namely the direction of the muscle fibres. The identification of y 
with nerves, therefore, is strongly supported by the effect of curare, 
which was always found to have abolished the action of the y excitability 
at the moment when excitation through the nerve failed. 

Sterno-cutaneous muscle. 

It was remarked in a former paper [Rushton, 1930] that the irregu¬ 
larities which obscure results with the sartorius can be largely overcome 
by using a strip of sterno-cutaneous muscle, and Fig. 12 of that paper 
shows some threshold-angle results. Fig. 6 of the present work shows the 
results of a similar experiment with the tracing of the corresponding 
muscle strip (on the right) stained to show its nerve. The experimental 
details are given in the former publication, and it will here suffice to say 
that the strip of muscle w'as out from the medial border of the sterno- 
cutaneous of a bull-frog, by a clean snip parallel to the muscle fibres. 
The threshold-angle results vrere obtained in the usual way, and then the 
preparation was stained by May’s method, mounted in gelatine and a 
tracing made from an optical projection. 

With regard to Fig. 6 we notice that the excitability represented by 
the horizontal lines changes threshold greatly between lOOo and 30 <t 
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duration, and hence must be a which again corresponds to fibres in the 
direction of the muscle, as in the case of the sartorius. The other excita¬ 
bility, on the contrary, has a utilization period of less than So and is there¬ 
fore)/ which is seen to make an angle of 75° with this direction. It is clear 
from the tracing (right) that the directions of the muscle and the nerve 
fibres are very nearly perpendicular to those of the a and y lines respec¬ 
tively. Other experiments confirm this; the angle between the y and a 
lines varies from preparation to preparation, but there is always a corre¬ 
sponding variation in the angle between nerve and muscle. 

On one occasion the y line instead of being straight was quite curved, 
indicating fibres in many directions. When this preparation was stained 
and examined it presented the appearance shown traced in Fig. 6 
(left). 

The action of curare is also clearer here than in the case of the sar¬ 
torius, since the pronounced difference in the directions of the y and a 
fibres makes it easy to see tliat the y are removed and a left [cf. Rush ton, 
1930, Figs. 11 and 12j. The results of the experiments with the sterno- 
cutaneous, therefore, bear out in all particulars the less satisfactory 
results with the sartorius, and confirm and extend the correlation of the 
y excitability and the nerve twigs. 

Excision of nerve twigs. 

An obvious if crude test for the present hypothesis lies in the effect of 
removing by dissection some of the principal intramuscular nerve branches 
in the sartorius. This is much easier with iZ. pipiens than with iZ. tern- 
poraridj since, with the former, the nerves after they enter the muscle lie 
very superficially and but slightly bound down by connective tissue. This 
was easily slit with a sharp cystotome and the nerve, lifted by the end 
with forceps, could then be freed from the subjacent tissue, for several 
millimetres along each branch, and then cut. This operation removes the 
nerve mth very little damage to the muscle, and when the final stained 
preparation w^as examined, the muscle fibres could be seen intact, the 
nerve fibres cleared from the region of the nerve entry, and the place 
where they had been, approximately marked by the row’s of the pigment 
cells which follow the nerve branches here very closely. 

When this operation is performed and the strength-length curves 
determined before and after, according to the method of Fig. 1, it is 
found that the y excitability initially present is completely removed and 
that a alone remains. No figure is here given in illustration of this state- 
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ment, since the initial y curves are of course normal and the subsequent 
y curves being absent cannot be represented. 

The experiment, however, gives a very different proof of the identity 
of y and nerves. 

The analysis of complex cases. 

If a sartorius is stimulated as in the experiment of Fig. 1 with nearly 
the whole length of the muscle exposed to the current, we might expect 
that a y excitation could be elicited from a great many points among the 
ramifications of the y fibres, and that the actual point giving the thres¬ 
hold would be merely that particular place where the excitability was 
greatest to the stimulus in question. The simplicity of the results so far 
considered depends upon the fact that the ‘‘y origin,” which appears 
always to be a highly excitable point, in these cases is so much more ex¬ 
citable than any other place, that the only y excitation which appears at 
all arises from here. By this I do not mean that it is impossible by any 
placing of the electrodes to elicit a y response from elsewhere, since 
curve S, Fig. 1, is a ready instance to the contrary, but when the cathode 
lies at either extremity of the muscle, then this impossibility arises in all 
those muscles so far considered. Convenient as this is in simplifying the 
analysis, it is so singular that we should expect some preparations to 
exhibit other excitable points. R. 'pipiens nearly always shows two or 
more such points, and with R, temporaria, though this is not so common, 
the same may often be found. 

It is natural to enquire what places are the most excitable in the (con¬ 
ditions of these experiments, and the answer must involve two factors: 

(а) The local excitability of the point in question, i.e. the amount of 
polarizing current required to excite this point. 

(б) The current distribution in the fibre at the point in question, %,i\ 
the proportion of the field current which is flowing in a direction to 
polarize the fibre at this point. 

With regard to (a) little can be said. I see no reason why the local 
excitability could not vary at random from point to point, though actually 
the variations do not seem very great. Superimposed upon these there is 
the well-known hyperexcitability of a fibre in the neighbourhood of the 
cut end after recent secition, probably correlated with the catelectrotonic 
effect of the injury current [Gotch, 1900]. This may in part explain the 
hyperexcitability of the “y origin,” if we identify y with nerves. 

With regard to (6) more can be said than is suitable in this place. The 
distribution of current in cylindrical fibres is a physical problem which 
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admits of an accurate solution. I have already published [1928] a general 
formula which covers all cases with which we may here be concerned 
(except for three or more fibres branching from a point, which requires a 
slight extension of the method), but it suffers from two objections. In 
the first place solutions involving definite integrals do not recommend 
themselves to some physiologists; in the second, the data in practice are 
presented in the form of a traced curve (e.i^r.^jthe course of the intra¬ 
muscular twigs) while the formula requires it in the form of an analytical 
expression. I have recently been able to overcome both these objections 
by a method of solution which gives the results graphii^.ally from a simple 
construction with pencil and scale, and which involves no mathematical 
technique. This method I hope to publish in the near future and to apply 
it to the more detailed analysis of y and other excitability measurements, 
and therefore certain statements in the present paper will rest merely upon 
their general probability, waiting for the subsequent work for a more 
complete j ustification. 

Chief among these are the ideas connected with excitation at the bend 
of a fibre. If in Fig. 7 the current flows in the direction of the arrow, and 
the fibre AB(.' is immei’sed in this field, the most excitable point will be 
B, for this is the most cathodic of all the points in the fibre. The sharper 
the point at /?, and the closer the lines AB, CB to the direction of the 
current, the more excitable will B be; thus in a complex ramification of 
fibres we should (*.Ypect sharp bends to be the most excitable points, pro¬ 
vided that the current flow\s into the angle as in Fig. 7. An experimental 
verification of the idea together w ith a theoretical treatment has already 
been publisluMl for the case of bent nerve [Rushton, 1928], 

Now' if tile cathode of the trough used for Fig. 1 lies to the left of B, 
Fig. 7, and the anode approach(‘S B in the direction of the arrow, this 
anode may be represented as a line w'hich is perpendicular to the current 
direction and wdiich moves in tlie direction of the arrow. Thus the inter- 
polar lengths BA^, B(\ wdll be shortened, and hence the usual strength- 
length curve will be obtained with this difference, that i mm. movement 
of the electrode* wdll cause much more than 1 mm. diminution in 5.4^ and 
fiCj, owdng to the foreshortening of the fibre. Thus the strength-length 
curve obtained will be foreshortened to the same extent, and the thres¬ 
hold plotted against position of the electrode will rise very much more 
sharply than usual. An example of this will be considered later (Fig. 9). 

Before turning to the experimental results there is one more point the 
consideration of which wdll elucidate the principal features of these observa¬ 
tions. If in Fig. 8 two fibres A, B end at the distance 0 and both run to 
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the right for some way, then they will both give similar strength-length 
curves, A, B, but if B is less excitable than Ay curve B will always lie 
above A and will never be found by ordinary threshold measurements. 
Suppose now that the whole fibre B is moved to the left (jBj) so that it 
ends at 0^, then the strength-length curve will similarly be moved an 
equal distance to the left (B^), and hence will now cross A and be seen in 
threshold measurements as a kink in the strength-length curve. We may 
locate the two points 0 and 0^ whence the two excitations arose by extra¬ 
polating the curves A and B ^, till they become vertical, as is seen at once 
from Fig. 8. 



Fig. 7. 


Fig. 8. 


To summarize this analysis, therefore: 

(а) A kink in strength-length curve signifies two excitable points. 

(б) The point whence excitation was elicited for each portion of the 
curve lies where the extrapolation of this portion becomes vertical. 

(c) The foreshortening of each portion of curve as compared with a 
standard^ strength-length curve is equal to the foreshortening of the 
corresponding fibre when projected on to the direction of the current. 

^ The standard curve would be that obtained from a straight y fibre running 1 cm. or so 
parallel to the muscle. In practice this standard is seldom found, and (c) is useful itother in 
respect of the corollary that if one experimental curve is more foreshortened than another, 
the fibre corresponding to the first is more oblique to the current than that corresponding to 
the second. 
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{d) The points whence excitation is elicited are likely to be either 
where fibres end, or where they bend sharply in such a direction that the 
current flows into the concavity of the bend. 

We may now turn to the experimental results and, using the principles 
which have been somewhat justified above, we may continue the correla¬ 
tion between y excitability measurements and the histology of intra¬ 
muscular nerves. 


Analysis of experimental results. 

Fig. 9 shows the results of an investigation upon the sartorius of 
R, jdjdens. First the muscle was excised, and strength-length curves were 
obtained in the usual way with the cathode fixed first at 0 mm., then at 
40 mm. These curves are shown in the upper part of Fig. 9 where the 
millimetre scale gives the zero of ordinates. The muscle was then trans¬ 
ferred to the rotating trough and the threshold-angle curve obtained 
using the same duration of stimulus (2a). These results are shown at the 
bottom of Fig. 9, plotted as usual in polar coordinates, where 0 is the 
polar origin, and where the direction of the muscle is represented by the 
horizontal broken line. Finally the muscle was fixed and stained according 
to May’s method, mounted in glycerine jelly and traced from an optical 
projection at magnification of five diameters^. The course of the nerves 
was subsequently verified by microscopic examination of the preparation 
and comparison with the tracing. This tracing is shown in the middle of 
Pig. 9. 

Turning now to an analysis of the results, it is seen that the strengtii- 
length curve with the cathode at the tibial end of the muscle is made up 
of two parts A and B. The simplest justification for making a kink at 
24 mm. in this curve is derived from the curve of reciprocal thresholds 
(shown below as a curve dipping down to the millimetre scale). This latter 
curve may be regarded as giving the excitability of the preparation for 
various positions of the electrodes, and it is seen at once that the point at 
24 mm, lies below the smooth t urve which might be drawn tlirough the 
other points. The deviation would correspond to an experimental error of 
at least 15 p.c. in the threshold, which I do not think is admissible. The 
curve with the cathode at the pelvic end is obviously composed of three 
parts, of which C and D are due to the y excitability, but the remaining 

^ Five diameters is the ratio of the size of the projected image to that of the fresh tissue, 
as obtained by noting the distances between the principal nerve branches before fixing. In 
this way errors due to shrinkage during staining are largely reduced. 
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portion gave an a strength duration curve. This latter portion is a good 
illustration of the relative independence of the a threshold upon inter- 
polar length, since there is no further change in threshold after this length 
has exceeded 3 mm. 



0 10 20 ''' 30 40 m m 

1-1 I I il l I I I I t 1 i ill l .l. t 1. 1 I . L i ..U-' 



Fig. 9. Strength-length curves, sartorius muscle {H, pipiens) drawn to scale, and threshold- 
angle curve (with coordinate circles omitted for clearness). 


Applying now the principles of analysis formulated above we con¬ 
clude that each of the four curves Ay B, C, D corresponds to excitation at 
a different point in the muscle. These points may be found by extra¬ 
polating the curves until they become vertical; hence A is just to the left 
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of 26 mm., B just to the right of this point, C coincides with A or lies a 
little to the left, while D is just to the left of 21 mm. Observing now the 
foreshortening of the curves, it is obvious that A and B rise very much 
more steeply than C and D, therefore the fibres excited in the former case 
must run much more obliquely to the muscle fibres than in the latter case. 
These conditions are satisfied approximately if we suppose that curves A 
and C represent excitation at 0, the point of entry of the nerve, the 
excited fibres in each case being those running from Oto A and C respec¬ 
tively in the tracing. It is clear that as predicted branch AO is much more 
oblique than branch CO, Curve B represents excitation at the point B in 
the tracing, the fibres in question being those running from Ato B and 
then bending back slightly to the left. Since the current flows into this 
bend the point is likely to be an excitable one, and the obliquity of both 
branches should produce a foreshortening of the curve similar to that of 
curve A, Finally curve D represents excitation at point D in the tracing, 
the fibres in question running from A, bending round D, and returning a 
short way towards the tibia. Curve D should be no more foreshortened 
than curve C, 

From the foregoing, therefore, we have obtained a definite correlation 
between the excitation curves and the histology of nerves; it is of interest 
to compare these conclusions with the threshold-angle results. These 
results may b(* all included in six straight lines (as shown), indicating that 
W'hen the muscle is freely immersed in a uniform field at various angles 
there are six different points whence excitation is elicited. To identify 
these WT note that the broken line through 0 represents the direction of 
the muscle, hence the sides of the hexagon cut by this line represent the 
excitable points when the field is parallel to the muscle. This case, there¬ 
fore, is the same as that of the strength-length curves above when the 
interpolar length is very great (i.e, the wdiole muscle exposed). Thus the 
side of the hexagon marked C represents the threshold excitability when 
the current flows from 0 to the left, w’^hich corresponds to the curve CDcf, 
in the upper figure, which has C for the threshold with great interpolar 
length. But we have identified the excitable point C as being 0 on the 
tracing, the point of entry of those nerve fibres which run in the direction 
OC. From the threshold-angle results, the fibres of the excitability C 
should run in a direction perpendicular to the direction of the side C of 
the hexagon (see p. 180), w^hich is an adequate agreement considering that 
this simple result is based upon the assumption of a straight fibre. 

Applpng this analysis to current flowing parallel to the muscle to¬ 
wards the tibia, we learn from the strength-length results that A is the 
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threshold excitability with large interpolar length. This we have identified 
with 0, in the tracing, the point of entry of those nerve fibres which run 
in the direction OA, and hence the corresponding side of the hexagon 
should be more or less perpendicular to this direction. It is seen that there 
is such a side marked A, but this is not the one first cut by the broken line 
through 0. The explanation for the discrepancy is probably as follows. 
One reason for the presence of the cut nerve end as a principal excitable 
point in all these experiments is due to the initial hyperexcitability 
following section. As is well known this excitability declines fairly rapidly, 
and in the interval between the strength-length and threshold-angle 
measurements it is probable that the excitability of A and C fell as com¬ 
pared with that of other points not situated at the cut end. Thus the sides 
A and C of the hexagon moved out from 0 (keeping the same directions of 
course), but the other sides remained more or less constant. The lengths 
of broken line from 0 to C and from 0 to A (produced) are in the same 
proportion as the thresholds for C and A in the strength-length figure, as 
would be expected. If this explanation is accepted the side A fits the 
conditions previously postulated for A and we may turn to consider the 
excitability B. 

Excitability B we have supposed to arise from B in the tracing due to 
the nerve branches lying to the left of this point. When the current excites 
a nerve at a bend (as distinct from exciting at its termination), the thres¬ 
hold-angle results in polar coordinates give a straight line which is per¬ 
pendicular to the bisector of the angle of bend in the case where the two 
limbs are straight and equal. Both theoretical and experimental justifi¬ 
cation for this statement has been given in a former publication [R u s h t o n, 
1928], and applying the results to excitation at B where the assumptions 
are approximately accurate, we perceive that the bisector of the angle lies 
in the direction of the muscle, and hence the corresponding side of the 
hexagon should be perpendicular to this. It is seen that the side marked B 
fulfils this condition. Excitability D may be analysed similarly, whence 
we conclude that the corresponding side of the hexagon should be per¬ 
pendicular to the bisector of the angle at Z>. The side marked D runs 
more or less in this direction, and it was recorded when making the obser¬ 
vations that the excitability represented by this side gave a barely per¬ 
ceptible twitch, indicating that only a few muscle fibres were activated by 
the excitability in question, as would be expected if we identify it with 
the nerve fibres running from D upwards and to the right. The threshold, 
however, is somewhat higher than might have been expected. With regard 
to the two upper sides of the hexagon, that on the left gave a very small 
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twitch and corresponds to some bend of a nerve twig near its termination, 
but that on the right gave a big contraction and probably corresponds to 
excitation at A in the tracing, the fibres involved being those which do not 
go in the direction of B, for the bisector of the angle which the remainder 
make at A is more or less perpendicular to this last side of the hexagon. 

This analysis has been considered at some length, not so much for the 
confirmation which it brings to they identification of this paper, as for the 
analysis itself which, as far as I am aware, has not been previously 
described and which may have considerable application in various excita¬ 
bility problems. Certain defects in the method are apparent. Localiza¬ 
tion of electrodes and irregular shrinkage during staining may introduce 
a possible localization error of ± 0*5 mm. or even more. The extrapolation 
of the portions of strength-length curves is somewhat arbitrary, though 
more reliable when the extrapolation is performed upon the reciprocal 
curves. Even given approximately the position on the axis of the muscle, 
where an excitable point is to be located, there may often be several pos¬ 
sible branches to choose from, and this possibility will be enormously 
multiplied if we include those fine terminal nerve twigs which usually 
do not take the stain in the three hours during which the muscle was 
generally treated. However, this error is not so great as one might suppose, 
for it appears to be a general rule that ceteris paribus the larger a nerve 
trunk the more excitable it is, hence the small unstained fibres are not 
those excited at threshold strengths. However, in spite of this, ambiguity 
may arise in some cases, which the foreshortening of the strength-length 
curves and the nature of the threshold-angle curves may help to settle. 
The threshold-angle curve itself is open to the objection that, since the 
nerves are not of simple geometrical form, the rules so far applied are 
more or less inaccurate. Both this and the extrapolation of the strength- 
length curve are, however, susceptible of more accurate treatment (as 
it is hoped to show in a future publication); hence the localization 
can become considerably more determinate than might at first sight 
appear. 

In fact the fourfold correlation—the foreshortening of the strength- 
length curves, the position of their vertical asymptotes, the nature of the 
threshold-angle curve, and the histology of nerve distribution in muscle— 
affords a strong presumption that the basis of the analysis is sound, and 
that the localizations effected are correct. And when each muscle investi¬ 
gated is found to have a different histology of nerve twigs, a different 
threshold-angle curve and different numbers and positions of the kinks in 
the strength-length curves, and yet when these differences are all inter- 
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correlated in the manner of Fig. 9, there seems little room to doubt that 
the earlier conclusion of this paper is confirmed in detail and that the y 
excitability is to be identified with nerve. 

Discussion. 

The identification of the y excitability in muscle is liable to be need¬ 
lessly complicated owing to the fact that two distinct meanings can be 
assigned to the expression “y excitability,” and that the identification 
will depend upon which is adopted. The matter becomes clear from a 
brief survey of the history. 

Lucas [1907-8] showed that when large fluid electrodes are used, a 
and y curves may appear, where by y he meant the curve that he obtained 
having a short excitation time. Later Jinnaka and Azuma [1922-3], 
Davis [1922-3] and Watts [1924-5] investigated the effect of size of 
electrode upon the a excitation time and showed that, as the size of 
cathode decreased, the a excitation time diminished to about the value 
which y had initially. W^atts repeated this investigation upon nerve and 
found that electrode size had a very insignificant effect upon excitation 
time. With regard to the effect of electrode size upon the excitability 
which gave ay curve in Lucas's experiments (large electrodes), these in¬ 
vestigators gave little information, as they applied the small cathode 
almost exclusively to the pelvic end of the sartorius which Lucas liad 
shown to be free from y. 

Upon this head, however, evidence is furnished by the work of 
Lapicque [1926], who excited the sartorius and other muscles at various 
points with small cathodes and never found any excitation time different 
from that nerve. We may, therefore, conclude that y resembles nerve in 
that its excitation time is but slightly dependent upon electrode size. 

Now, in the conditions of Lucas’s experiments, the meaning of ‘‘y ex¬ 
citability” is unambiguous, and the same applies to my own work where 
the conditions arc essentially the same, but when we consider the 
quickening of the a excitability by the use of small electrodes until the 
a curve resembles y, it now becomes merely a question of definition 
whether we call this altered a curve a y curve and the responsible excita¬ 
bility a y excitability or whether we restrict the name ‘‘y ” to that excita¬ 
bility which gave y with large electrodes. In fact, the names a and y may 
either be used to describe the behaviour of an excitable element or to 
distinguish the natures of different elements. It does not matter which 
definition is adopted, provided the matter is made clear. Actually in this 
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and in my former papers I have adopted the second alternative, and by y 
excitability I mean that element which gives a y curve when large elec¬ 
trodes are used; the curve obtained by a small electrode from the pelvic 
end of the sartorius may then unambiguously be described as a y-like 
a curve or an a curve of short excitation time. 

I much regret that, owing to my failure to be explicit in this matter 
earlier, Lapicque [1931a, p. 202] has evidently supposed my statement 
that “y cannot be obtained from the pelvic end of the sartorius” to be a 
denial of the work of Jinnaka and Azuma and the other workers men¬ 
tioned above, and has been put to the trouble of repeating their work and 
confirming that a y-like curve may be elicited using small electrodes. As 
a result of these experiments he concludes [19316, p. 219], “I cannot 
admit that y corresponds only to the nerve excitability and that the 
muscle’s own excitability corresponds to a,” and later, p. 236, ‘‘From the 
above facts, we know that the y curve is not only concerned with the 
nervous substance but also with the muscular one.” There is no conflict 
between these statements and the present paper’s identification of y with 
nerve only, for what Lapicque means (as shown by the nature of his 
evidence) is merely that muscle can, with stigmatic electrodes, give a 
y-like curve. In one of his experiments, however, Lapicque obtains 
evidence that at first sight do(‘s seem to establish that y may be muscle, 
for he finds [1931a, p. 208] in a curarized muscle without the use of stig¬ 
matic electrodes an excitability with rather a short excitation time. The 
explanation of this case involves a factor of prime importance in the study 
of a curves, as it may cause the greatest variations in the form of the 
curve. In my first experiments I found that the a curve varied con¬ 
siderably from one angle to another [1930, Fig. 2]. Subsequent work 
revealed that tin? error was due to the irregular terminations of the 
muscle fibres which were excited by the free immersion of the muscle in 
fluid. Screening these irregularities from the field allowed of very much 
more consistent results to be obtained, and I therefore pointed out in my 
paper that this error was present in the early results but absent from the 
later ones, and that screening these irregular terminations was essential 
for consistent results. I nfortunately this observation appears to have 
been overlooked by Lapicque, for he does not mention it in his criticism 
of these curves [1931a, p. 198], and in his own experiments he has not 
taken the necessary screening precautions. In fact he writes [1931a, 
p. 199]: “As a first approximation, we considered that the accuracy of 
parallelism was not necessary, so that 1 used a round trough,” and he pro¬ 
ceeds to describe his form of electrodes which not only exposes the ter- 
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minations of the muscle, but exposes them to an electric field which is 
anything but uniform. With this arrangement he obtains curves which 
are seen to vary considerably in shape and to be but poorly reproducible. 
The question of the variability in the shape of the a curve hardly lies 
within the scope of the present paper, except in so far as the shape may 
approach that of the y curve and be confused with it. This effect I also 
found in my early experiments when the muscle terminations were not 
screened, for in experiments with curarized sterno-cutaneous strips 
sometimes a very brief excitability would be found. The direction of this 
excitability as given by the threshold-angle relation was always oblique 
to the muscle, and indeed it was the attempt to identify this oblique ex¬ 
citability that called my attention to the oblique terminations of many 
muscle fibres. As already mentioned, these y-like curves did not occur in 
curarized strips when screened. Moreover, the explanation of the effect 
is simple, for if we suppose (as Lapicque has already pointed out) that 
the excitation time of the a curve is greatly diminished by decreasing the 
interpolar length, then in the case where a parallel fibred muscle is excited 
by a very oblique current, since the excitable portions of fibre will be 
those very short terminal irregularities which happen to lie more or less 
in the direction of the current, they consequently will have the excitation 
time corresponding to their short length. 

Now the case quoted by Lapicque [1931a, Fig. 13] where a y-like 
curve was found from curarized muscle without a stigmatic electrode is 
exactly in the category just considered. For not only are the unscreened 
ends of the muscle exposed to this error, but in comparing the results at 
the two angles it appears that, whereas the a threshold rises for the 
oblique current, the y-like threshold falls, indicating that the direction of 
the y-like excitability is oblique to the muscle axis, and therefore cer¬ 
tainly cannot refer to normal muscle fibres. It was to avoid the complica¬ 
tions produced by these irregularities that at the outset of this paper the 
conditions were restricted to uniform fields and screened muscle termina¬ 
tions, and in these conditions I do not know of any evidence to controvert 
the conclusion that y is always nerve. 

Quite a different effect of the muscle terminations upon the excitation 
time has recently been brought to light by the experiments of M oore and 
Briicke [1931]. They stimulated the single muscle fibres in the basihyoid 
membrane of the frog, and found that the excitation time when the 
cathode lay at the terminations of the fibres depended upon the diameter 
at this point: thin terminations had long excitation times. They suggested 
that this might be correlated with a and y excitabilities in that the y 
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might be elicited from the middle of the fibre, and a from the thin end of 
it. This would fit the observation that in practice a and y are found more 
or less in these respective parts of the fibre, and it allows of an isochronism 
between nerves and the y excitability of that part of the fibre where the 
nerve enters. Unfortunately this hypothesis does not accord well with 
the detailed results of varying the position of the electrodes. When a 1 cm. 
block is placed over the muscle at various points and the strength dura¬ 
tion curve obtained as, for instance [Rushton, 1930, Fig. 8], we do not 
find that the curve is simple and gradually changing in form from a at the 
extremity to y near the centre, but, on the contrary, it is made up of two 
parts, a and y, each of which has more or less the same excitation time at 
all points of the muscle, but the relative prominence of which varies in 
such a way that y is absent in the neighbourhood of the extremities, but 
is present nearly to the exclusion of a in the neighbourhood of the nerve 
entry. This clearly speaks for two different kinds of excitabilities, not for 
a continuous variation of one kind, and with regard to a it suggests that 
it has the same sort of value for its excitation time all over the muscle. 
With regard to y, we have the evidence of the present paper which is 
quite contrary to the suggestion thaty is muscle, since the direction, the 
action of curare, and all the other features which have been discussed, 
point strongly to the identification of this excitability with nerve. The 
suggestion of Moore and Briicke, therefore, will not explain the dif¬ 
ference between a and y, but their observations are valuable in showing 
that the a excitation time can vary within wide limits depending upon the 
size of fibre at the point whence excitation is elicited. It is not unlikely, 
however, that this difference is more marked in the rather heterogeneous 
fibres of the basihyoid membrane, than in the more uniform fibres of the 
sartorius. 

Conclusions. 

This paper set out to identify the y excitability. Only three excitable 
elements have been recognized in muscle, the muscle fibre, the nerve fibre 
and a possible intermediary substance. The latter cannot be identified 
with y for the experiments of Fig. 1 show that the y substance has exten¬ 
sion of several millimetres, and consequently must be muscle or nerve. 
Lapicque [1931, a] and Moore and Brucke [1931] have suggested iden¬ 
tification with the former, but as was indicated in the foregoing discussion, 
it is probable that Lapicque’s evidence does not relate to what is here 
called “y” at all but to a modified form of a, whereas the suggestion of 
Moore and Brucke is not as satisfactory as the alternative hypothesis 
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that y is nerve. This latter view which is that originally advocated by 
Keith Lucas is very strongly supported by the evidence of the present 
paper, the conclusions from which may be summarized as follows: 

(o) The y excitability has the same excitation time as nerve. 

(6) The y excitation time is like that of nerve nearly independent of 
electrode size. 

(c) The y substance is in the form of fibres. 

(d) In the sartorius these fibres start their course at the exact place 
where the nerves enter. 

(c) They run in this muscle towards tibia and towards pelvis for 8 mm. 
or more. 

(/) In the sartorius they run in many directions, in the sterno- 
cutaneous strip they run in the direction of the nerve twig, and more or 
less perpendicular to the muscle. 

(g) They are absent from the nerve-free pelvic extremity of the 
sartorius. 

(h) When the y strength-length curves from the sartorius show more 
than one excitable point, these always correspond to sharp bends in the 
nerves, and are closely correlated with nerve distribution despite the 
great variation from preparation to preparation. 

(i) When the nerve is carefully removed by di.ssection from the sur¬ 
face of the sartorius, the y curve initially very prominent disappears 
entirely from the cleared region. 

(j) The action of curare upon the y excitability is to abolish it com¬ 
pletely by the time that indirect excitation (through the nerve) has failed. 

As a result of this summary there can be no question I think, but that 
the y fibres in all my experiments were the intramuscular nerve twigs. 
With regard to the possiblity that in the foregoing experiments it so 
happened that the nerves and the a excitability between them were always 
more excitable than some hypothetical y muscle fibres, so that the latter 
were never investigated, little need be said. If these hypothetical fibres 
never enter into threshold measurements we are justified in neglecting 
them when concerned with threshold determinations, and it will be time 
enough to consider their nature when some reason is found for supposing 
they exist. To quote from Lapicque [1926, p. 265], “fitait-il besoin 
d’entreprendrc la demonstration complete? Une demonstration negative 
est toujours bien laborieuse; la preuve incombe a ceux qui aflirment.” 
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Summary. 

When a muscle is excited through large fluid electrodes, two excita- 
bilities a and y are found. The present paper set out to identify y in condi¬ 
tions where the irregular terminations of the muscle are not excited and 
where the stimulating electric field is uniform. In these circumstances a 
variety of experiments with movable electrodes justify the ten conclu¬ 
sions summarized in the preceding section, whence it appears that the 
y excitability is certainly nerve. 

It is a pleasure to express my appreciation of the help afforded me by 
Prof. Bronk during my stay in Philadelphia. 1 am also indebted to the 
Government Grants Committee of the Eoyal Society for enabling me to 
obtain some of the apparatus used in this research. 
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THE EFFECT OF THE INJECTION OF BLOOD 
ON THE UREA IN BLOOD AND URINE, 

By E. S. IVANITZKY-VASSILENKO. 

{From the Physiological Laboratory^ Cambridge,) 

Eveey transfusion of blood is an attempt at transplantation of living 
tissue, and involves the introduction parenterally of a considerable 
quantity of protein. According to investigations of Carlson and Gins- 
burg [1915] and of Rabens [1915], after transfusion of compatible blood 
into an animal there is no marked change in the excretory mechanism 
of the kidney. In cases of the failure of blood transfusion, where the 
bloods are incompatible, a range of symptoms of varying severity may 
be observed, including heemoglobinuria. If the protein injected is broken 
down in the blood stream and tissues by proteolytic enzymes, there must 
be an increase in some products of protein breakdown: proteoses and 
amino-acids, the deaminization of the amino-acids liberating additional 
quantities of urea. Whipple and van Slyke [1918] and Kambe 
Hisanobu [1919] have shown that some intermediate products of 
protein breakdown, when present in the blood, affect the kidneys, inter¬ 
fering with their function either directly, or indirectly by some alteration 
in the circulation. 

The question as to the influence of incompatible blood on the function 
of the kidney cannot be considered as solved by physiological experiments 
up to the present. Nevertheless in recent years we see an attempt to 
revive the old idea of transfusion of blood of certain animals into the 
human body [Cruchet, 1926, 1928; Yourewitch and Teleguina, 
1926; Kunz, 1928, 1929]. This suggestion has been much criticized by 
many scientific workers as ignoring the recent data on the incom¬ 
patibility of blood. These considerations led to the present study of the 
influence of blood transfusion on the concentration of urea in blood and 
the elimination of urea by the kidney. 

These experiments were made upon twelve well-nourished dogs 
(6-0~9*6 kg.). In each animal a permanent bladder fistula was made about 
a fortnight before it was used for experiment. To exclude any influence 
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of processes of digestion on the urea level in blood and urine our ob¬ 
servations were made on dogs to which no food had been given for 12 
hours before the experiment, although water was freely available both 
before and after the blood transfusion. 

The experiments performed can be divided into five series: 

(1) Observations upon the blood urea and urine urea in unfed dogs: 
4 experiments. 

(2) Effect of transfusion of dog’s blood into dogs: 2 experiments. 

(3) Effect of transfusion of incompatible blood into dogs: 6 experi¬ 
ments. 

(4) Effect of successive transfusion of citrated plasma and washed 
blood corpuscles: 4 experiments. 

(5) Effect of repeated transfusion of incompatible blood: 5 experi¬ 
ments. 

In addition one experiment was made to study the effect of tying 
the ureters on the blood urea in the dog. The increase in blood urea 
obtained thus could be compared with the increase observed in experi¬ 
ments of series 3-5. 


Method of experimentation. 

Under ether anaesthesia, blood was collected from the carotid artery 
in dogs and the abdominal aorta in cats and rabbits into a glass receiver 
containing lOp.c. sodium citrate (5 c.c./lOO c.c. blood) to prevent co¬ 
agulation. For the separate transfusion of plasma and blood corpuscles, 
the blood was centrifugalized, the plasma pipetted off and the corpuscles, 
after washing twice on the centrifuge with sterile saline, were suspended 
in saline made up to the original volume of the blood. This suspension 
was kept for transfusion till the next day in cold storage. The whole 
blood, plasma and washed blood corpuscles were warmed to 38° C. before 
transfusion. 

Under ether anaesthesia, preceded generally by morphine, the blood 
was injected into the vein from a burette kept at 38° C. The rate of trans¬ 
fusion during the first 2-3 min. did not exceed 1 c.c. per min.; afterwards 
it was gradually increased to 6 c.c. per min. After transfusion the central 
end of the vein was ligated and the wound was closed with silk. A 
collodion dressing was used. The whole operation was carried out with 
aseptic precautions. 

Immediately after the transfusion the bladder of the dog was emptied 
through the cannula. Most of the dogs had recovered from the imme¬ 
diate effect of the operation within 30 min. from the end of transfusion, and 
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appeared normal. About 4 c.c. of blood for analysis were collected from 
the veins of the ear in a vessel containing a small quantity of potassium 
oxalate. Samples of blood and urine were always taken before trans¬ 
fusion, and subsequently at intervals usually of 1 or 2 hours for the rest 
of the day and at longer intervals afterwards. If the determination of 
urea was postponed the test-tubes containing the blood or urine were 
placed in the ice-box, toluene having been added to the urine. The analyses 
were made after the samples had been warmed to room temperature. 

The estimations of the urea in blood and urine were made by van 
Slyke’s method (aeration method) as described by S. W. Cole [1928]. 
In urine the ammonia was estimated separately and deducted. 

A. Determination of the blood urea, urine urea and urea output m 

fasting dogs. 

In four dogs, determinations made six or eight times during the day 
showed that the concentration of urea in the blood remained almost or 
quite constant, while the concentration of urea in the urine showed 
marked variations (Table I). In one dog in which the volume of urine 
per hour was measured, the hourly output of urea from the body was 
fairly constant. 

Table 1 

Blood urea Urine urea Urea output 

(mg./100 c.c.) (g./lOOc.c.) (g. per hr.) 

Dog 1 32-8 1-2-3-2 

„ 2 320 3-0-4-5 

„ 3 280 1 •2-4-6 

4 22-25-8 2-.35-3-95 0-202-0-267 

B. Transfusion of dog's blood into dogs. 

Dogs 1 and 3 received 10 c.c./kg. of dog’s blood with no ill effects and 
without any change in the concentration of urea in the blood during the 
subsequent 8 or 9 hours, nor was this changed on the following day. 

C. Transfusion of incompatible blood into dogs. 

In all transfusions of incompatible blood the quantity of urea was 
determined in the blood of the donor. Tliis ranged from 20 to 28 mg./ 
100 c.c. for cat’s blood, and from 16*5 to 24*76 mg. for rabbit’s blood. 

Two dogs received intravenous injections of cat’s blood. Both animals 
survived and were used for subsequent experiments. A summary of the 
results obtained is given in Table II. 

In these dogs, unlike those which received dog’s blood, the urea in 
the blood was increased to a maximum about the sixth hour, in each case 
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Tabijs II. 

Dog. 5. Weight 8 kg. Transfusion of 80 o.o. oat*s blood. 
Dog 2. Weight 7 kg. Transfusion of 70 o.o. oat's blood. 


Dog 5. 





Urea 

in 


Urea 




f 

_^ 

Urine 

elimination 


Time of 


Blood 

Urine 

flow 0 . 0 . 

g. per 

Date 

transfusion 

Hour 

mg. p.o. 

g. p.o. 

, per hour 

hour 

27. ii. 31 

11.40- 

10 a.m. 

420 

4-3 

_ 

_ 


11.62 a.m. 

11 a.m. 

420 

4-8 

7-2 

0-326 



12.62 p.m. 

46-7 

3-0 

7-0 

0*201 



1.62 p.m. 

61-38 

1-84 

14-0 

0-268 



2.62 p.m. 

51-6 

2-0 

13-0 

0-260 



3.52 p.m. 

66-0 

2-0 

10-0 

0-20 



6 p.m. 

66-6 

2-3 

8-6 

0-196 



6 p.m. 

66-6 

2-0 

14-6 

0*29 



7 p.m. 

65-5 

2-3 

13-0 

0-30 



9 p.m. 

65-6 

2-7 

21-0 

0-667 

28. ii. 31 


9.30 a.m. 

46-7 

4-8 

_ 




6 p.m* 

42-0 

4-1 


— 



Dog 2. 




6. iii. 31 

10.15- 

8.40 a.m. 

28-1 

— 

— 

— 


10.27 a.m. 

9.40 a.m. 

28-1 

1-0 

— 

— 



11.30 a.m. 

46-7 

1-28 

17-0 

0-218 



12.30 p.m. 

46-7 

1-13 

35-0 

0-395 



1.30 p.m. 

46-7 

2-0 

10-0 

0-2 



2.30 p.m. 

46-7 

2-3 

6*0 

0-136 



4.30 p.m. 

46-7 

2-0 

22-0 

0-44 



6.30 p.m. 

61-4 

1-9 

8-0 

0*162 



6.30 p.m. 

61-4 

2-1 

7-0 

0*147 



7 30 p.m. 

46-7 

2-6 

6-0 

0-16 

7. iii. 31 


10 a.m. 

46-7 

_ 

_ 

_ 



6 p.m. 

28-0 

— 


— 


by 23 mg./lOO c,c. more than before transfusion. It was still a little up 
next morning but fell by evening. The concentration of urea in the urine 
fell in dog 5 from a high figure to about 2 p.c., and in dog 2 rose from a 
low figure to about 2 p.c. There was no evidence of damage to the kidney 
in either animal, and there was no hsematuria. 

Rabbit’s blood was transfused into three dogs (6, 7 and 8). Marked 
signs of depression in varying degree were observed as may be seen from 
the following condensed protocols, referring to dogs 6 and 8. The results 
of the experiments are given in Table III. Dog 7 gave results similar 
to dog 6, 


Dog 6. 

11.16-11.27 a.m. Transfusion of 36 c c. (5 c.c./kg.). 
12.30 p.m. Dog drank 50 c.o, of water. 

12.30- 4.30 p.m. Dog vomiting. Urine contained blood. 
6.15 p.m. Dog drank 60 c.c. of water 

6.30- 8.30 p.m. Urine dark with altered blood. 

PH. LXXV. 


13 
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Dog 8. 

11.55 a.m.-12.5 p.m. Transfusion of 35 c.c. (4 c.c./kg.). 

1.5 and 2.5 p.m. Very marked depression. Unable to stand. The legs and ears cold. In 
half an hour was possible to collect from the ear only 2*0 o.c. of blood. No urine. 

2.50 p.m. Vomiting. Dog was standing up. 

3.5 p.m. Condition became rapidly worse, with marked loss of sensitiveness. 

7.10 p.m. Vomiting. 

7.30 p.m. The dog died. 

Table III. 


Dog 6. Weight 7*0 kg. Transfusion of 35 c.c. rabbit’s blood. 
Dog 8. Weight 9*0 kg. Transfusion of 35 c.c. rabbit’s blood. 


Date 
21. iv. 31 


25. iv. 31 


Dog 6. 




Urea 


Urea 



-- 

-^ 

Urine 

elimination 

Time of 


Blood 

Urine 

flow c.c. 

g. per 

transfusion 

Hour mg. p.c. 

g. p.c. 

per hour 

hour 

11.15- 

10 a.m. 

16-6 

— 

— 

— 

11.27 a.m. 

11 a.m. 

16-5 

2-93 

4-2 

0-12 


12.30 p.m. 

28-9 

0-65 

0-7 

0-005 


1.30 p.m. 

37-2 

0-66 

3-0 

0-02 


2.30 p.m. 

41-2 

Ml 

3 2 

0-04 


3.30 p.m. 

53-6 

1-22 

1-5 

0-02 


4.30 p.m. 

63-6 

1-57 

3-0 

0-047 


6.30 p.m. 

53-6 

1-38 

8-0 

0-11 


6.30 p.m. 

49-5 

0-8 

40-0 

0-32 


7.30 p.m. 

41'2 

1-1 

32-0 

0-35 


8.30 p.m. 

41-2 

1-24 

30-0 

0-37 


Dog 8. 





11.55 a.m.- 

10.25 a.m. 

24-75 

3-1 

2-5 


12.5 p.m. 

11.25 a.m. 

24-76 

— 

2-2 



2.5 p.m. 

33-0 

— 

0 



4.6 p.m. 

45-4 

— 

0 



Dog died at 7.30 p.m. 


In dog 6 there is a maximal increase in the quantity of the blood urea 
to 53 mg. by the fourth hour after transfusion. The blood urea remains 
at that level for nearly 4 hours, and then decreases. For 5 hours after 
transfusion there is a decrease in the urea concentration without any 
increase in the quantity of urine eliminated per hour. The decrease in the 
ability of the kidney to concentrate urea is observed during the whole 
time of the experiment. The hourly output of urea is thus diminished 
during the 5 hours following blood transfusion. After drinking 50 c.c. of 
water, the urine flow rapidly increases, with increased urea elimination 
and a fall in blood urea. 

Certain deductions may be based on the experiments of this series. 
Following transfusion of incompatible blood into dogs (from cat and 
rabbit): 

(a) Sometimes there is a fall in the volume of urine during the first 
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hour after blood transfusion, and normal or even copious elimination of 
urine in subsequent hours. 

(6) Rabbit’s blood has a more pronounced toxic action than cat’s 
blood. Although smaller amounts of rabbit’s blood were used, the increase 
in blood urea was more marked, and in the experiment with dog 8 a 
complete suppression of urine and the rapid death of the animal resulted. 

D. The effect of successive transfusion of citrated plasma 
and of washed blood corpuscles. 

Experiments were made to ascertain whether the effect of the trans¬ 
fusion of blood might be ascribed to the whole tissue or whether there 
was some difference in the action of the chief constituents of blood. 

Table IV shows the results of three experiments, in which trans¬ 
fusion on the first day of 50 c.c. of citrated cat’s plasma was followed on 
the second day by transfusion of a suspension in 70 c.c. of saline solution 
of the washed corpuscles of the same cat's blood (100 c.c.). 


Table IV. Effect of successive transfusion of cat’s plasma and 
corpuscles on blood urea in mg./100 c.c. 



Dog 9 (7 kg.) 

Dog 


Dok 7 (8 ks.) 


r — 

Plasma 

Corpuscles 

r 

Plasma 

Corpuscles 

Plasma 

Corpuscles 

Initial value 
Hours after 
transfusion 


lb-5 

24-3 

28-0 

20-7 

20-7 

1 

J(i.5 

lb-5 

28-0 

4b 2 

35-3 

20-7 

2 

l>4-8 

24-8 

353 

53-5 

35 3 

280 

Tl 

24-8 

24 8 

35 3 

53-5 

— 

— 

4 

16-5 

24-8 

— 

57 2 

35-3 

38-9 

5 

10-5 

24-8 

28-0 

— 

31b 

420 

(i 

16-5 

28-0 

24-3 

57 2 

31b 

42-6 

7 

l()0 

33-0 

24 3 

—. 

28-0 

389 

8 

lb-5 

24 8 

28-0 

53-5 

28-0 

— 

9 

lb-5 

24-8 

24-3 

57-2 

— 

— 


After plasma transfusion, the increase of blood urea lasted for 4 hours 
at most, while after transfusion of corpuscles the increase of blood urea 
was more prolonged and in two of the experiments was much greater. 
But with the corpuscles, a much larger dose of foreign protein was injected 
than with the plasma transfusion. 

The results of one experiment in which the plasma and corpuscles of 
rabbit’s blood were transfused are given in Table V. After plasma trans¬ 
fusion there were no objective symptoms. Three hours after the trans¬ 
fusion, the dog drank 50 c.c. of water. Three-quarters of an hour after 
the transfusion of corpuscles, vomiting occurred, and during the next 

13—2 
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Table V. Dog 10, Weight 6*5 k.g. Transfusion of (i) 30 c.c. citrated plasma and (ii) washed 
corpuscles of the same rabbit’s blood (50 c.c.)—suspension in 50 c.c. of saline solution. 

Plasma transfusion. 

Urea Urea 

—^ Urine elimination 

Urine flow c.c. g. per 
g. p.c. per hour hour 


Time of 

Date transfusion 

22. iv. 31 12- 

12.8 p.m. 


23. iv. 31 10.66- 

11.8 a.m. 


24. iv. 31 


Hour 

Blood 
mg. p.c. 

10.30 a.m. 

16*5 

11.30 a.m. 

16-5 

1.10 p.m. 

24*8 

2.10 p.m. 

24-8 

3.10 p.m. 

24*8 

4.10 p.m. 

24-8 

5.10 p.m. 

20-6 

6.10 p.m. 

20-6 

7.10 p,m. 

20-6 

8.10 p.m. 

16-6 

9.10 p.m. 

24-8 

Blood corpuscles 

transfusic 

9.30 a.m. 

24-8 

10.30 a.m. 

24*8 

12.10 p.m. 

371 

1.10 p.m. 

37-1 

2.10 p.m. 

371 

3.10 p.m. 

371 

4.10 p.m. 

330 

5.10 p.m. 

37-1 

6.10 p.m. 

45*4 

7.10 p.m. 

46*4 

8.10 p.m. 

49*5 

3.5 p.m. 

33*0 


3*74 

— 

— 

4*26 

2*7 

0*115 

1*7 

5*0 

0*085 

1*8 

6*0 

0*105 

3*7 

2*0 

0*074 

1*88 

6*5 

0*122 

2*67 

5*0 

0*133 

2*65 

3*5 

0*093 

2*35 

3*0 

0*07 

4*1 

3*0 

0*123 

4*48 

2*0 

0*09 

4*06 



4*23 

9*0 

0*386 

1*91 

5*0 

0*096 

1*8 

6*5 

0*117 

1*9 

5*0 

0*097 

1*8 

8*5 

0*16 

0*39 

67*0 

0*222 

0*39 

67*0 

0*222 

0*92 

22*0 

0*203 

1*68 

11*0 

0*184 

2*12 

9*5 

7*5 

10*6 

9*0 

0*202 


hours the dog drank 150 c.c. of water. As with cat’s blood, the rabbit’s 
plasma transfusion caused a less marked rise in blood urea than did 
transfusion of rabbit’s corpuscles. The hourly output of urea was 
markedly decreased for 9 hours after corpuscle transfusion. There was 
absence of haematuria which occurred in the two dogs which survived the 
injection of 35 c.c. of whole rabbit’s blood. 


E. Repeated transfusions of incompatible blood into dogs. 

According to Friedberger (quoted by Vigano), anaphylaxis can 
be produced with great facility in dogs which are quite as sensitive as 
guinea-pigs. Vigano [1928] points out that sometimes the only symptom 
of anaphylaxis in dogs is a lowering of the blood-pressure. 

Repeated transfusions of incompatible blood are interesting from two 
points of view. Firstly, with anaphylaxis, phenomena met with during 
the first transfusion were expected to occur in an accentuated state and 
secondly, as several authors observed during the anaphylaxis a pro- 
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nounced increase of blood urea, the intention was to compare the changes 
in the quantity of urea in blood with those in the urine. This might throw 
light upon the true participation of the kidney in some reactions following 
transfusion of incompatible blood. 

Below are given the results which followed a second transfusion of 
60-76 c.c. of cat’s blood made into three dogs which had each received 
an initial transfusion 6-9 weeks earlier. 

Dog 12. Hsematuria starting within 1 hour of transfusion and continuing. 

The percentage of urea in urine and the total output of urea fell considerably and re¬ 
mained at very low values. 

By the ninth hour after transfusion the blood urea had risen to 70 mg./lOO c.c. from 
an initial value of 28 mg., and at death, 3 days after transfusion, it was 250 mg. 

Dog 2. Hsematuria within 1 hour of transfusion. 

Almost complete suppression of urine. 

By seventh hour after transfusion (just before death) the blood urea had risen to 
93 mg./lOO c.c. from an initial value of 35 mg. 

Dog 11. Complete suppression of urine. 

At death, 0 hours after transfusion, blood urea had risen to 49 mg./lOO c.c. from an 
initial value of 20 mg. 

In two dogs the transfusion of rabbit’s blood was repeated with the 
following results: 

Dog 6 (7 kg.). Initial transfusion 35 c.c. Second transfusion (5^ weeks later) 40 c.c. 

Repeated vomiting. 

UsBmaturia, with marked fall in urine flow and urea output. 

Blood urea rose from initial value of 22 mg./lOO c.c. to 262 mg. at death during second 
day after transfusion. 

Dog 10 (6*5 kg.). Initial transfusion 30 c.c. Second transfusion (6 weeks later) 50 c.c. 

Repeated vomiting. 

Hscmaturia—urine free from blood 24 hours after transfusion. 

The urea output diminished soon after transfusion, and was increased during the diuresis 
occurring after copious drinking; at the same time, the blood urea which had risen from an 
initial value of 24 mg./lOO c.c. to 73 mg. began to decrease, and by the third day was down 
to the initial value. 

The recovery of dog 10 from the anaphylactic renal poisoning is re¬ 
markable and probably resulted from the copious drinking with con¬ 
sequent flushing of the renal tubules, 

F. The effect of tying the ureters on the blood urea. 

One experiment was performed to determine the effect on the blood 
urea of the gradual cessation of urine formation resulting from ligature 
of both ureters. Within 1 hour of ligature, the blood urea had risen from 
the initial value of 24 mg./lOO c.c. to 36 mg. Eleven hours later it was 
177 mg., and 31 hours after ligature it had reached 203 mg. 
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Discussion of results. 

The objective symptoms of incompatibility of bloods in these experi¬ 
ments were, besides agglutination and haemolysis, the appearance in the 
plasma of the recipient of dissolved haemoglobin and its excretion in the 
urine. In all the cases of transfusion into dogs of cats’ and rabbits’ blood 
we observed that the recipient’s blood plasma was tinted with haemo¬ 
globin. Also following all heterogeneous transfusions where the kidney 
was active, there was haematuria starting hour after transfusion and 
usually continuing for 8-10 hours. Where compatible blood was trans¬ 
fused (dog’s blood into the dog), the above-mentioned symptoms were, 
of course, absent. 

The increased quantity of blood urea following the transfusion of the 
heterogeneous blood should be an index of the degree of decomposition 
of the injected proteins. It is known that parenterally introduced protein 
can be broken down in the body into proteoses, polypeptides and amino- 
acids which are either utilized by the tissues or undergo deaminization, 
giving rise to an additional quantity of urea. This urea must be eliminated 
from the organism by the kidney. 

Determinations of the blood urea in unfed dogs have shown the ab¬ 
sence of any pronounced variation during 1 day, as has also been shown 
for man by Daumas and Pages [1930]. Moreover, the experiment on 
dog 4 showed that the quantity of urea eliminated under these conditions 
is nearly constant over a period of 7 hours. The only variations were in 
the percentage of urea in urine and in the quantity of urine eliminated 
per hour. 

The question arises, whether the increase of blood urea found after 
transfusion of incompatible blood depends entirely on the breakdown of 
the injected proteins or whether it does not also result from a temporary 
failure of the kidney to turn out urea, due either to vascular changes or 
to a poisoning of the renal cells. Mioni [1906], Studzinski [1909], 
Bayliss [1920] and others have noticed a fall of blood-pressure in animals 
following the transfusion of the heterogeneous blood. This they explained 
as due to the action of some product of the breakdown of proteins in the 
blood stream (proteose), as it occurred during anaphylactic shock. But 
experiments of Mioni, confirmed by the present work, have shown that 
the prompt fall in pressure after the transfusion of incompatible blood is 
only transient. Recently Mason and Mann [1931] have found that con¬ 
traction of the renal vessels follows intravenous injection of laked blood 
into dogs, but the effect is only transitory. Inspection of Tables II and 
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III shows that any diminution of urine flow was temporary (except in 
the case of dog 8, where there was complete suppression of urine). From 
the second hour at latest after blood transfusion there was a normal or 
even an increased urine flow. This shows that the increase in blood urea 
cannot be explained by an insufficient elimination by the kidney de¬ 
pendent on vascular changes. These experiments show quite clearly that 
there is a definite insufficiency of the kidney itself following transfusion 
of the heterogeneous blood. Thus, in all experiments except one, we have 
noticed a decrease in the percentage of urea in urine for several hours 
after the transfusion. This decrease of the capacity of the kidney to con¬ 
centrate urea can only be explained by specific action of some definite 
products of breakdown of the heterogeneous blood in the blood stream 
of the recipient. We find a decrease, sometimes very pronounced, in the 
hourly output of urea. We also find in many cases that the increased 
diuresis (the compensatory mechanism) for several hours after the blood 
transfusion could not restore the normal elimination of urea. Our as¬ 
sumption that the temporary accumulation of blood urea following the 
heterogeneous blood transfusion must be explained by a temporary in¬ 
toxication of the kidney by some products of breakdown of the injected 
blood seems to us to be proved also by the experiments with repeated 
transfusion of incompatible blood. The difference between the effects of 
the first and second transfusion of blood is quantitative rather than 
qualitative. It is true that in the cases of anaphylactic shock we some¬ 
times meet with complete suppression of urine, but in some experiments 
(dogs 12 and 10) of this series the urine flow was either to some extent 
quickly restored, or even exceeded the pre-transfusion value. Repeated 
transfusion w^as followed not only by a rapid increase in the quantity of 
blood urea but also by a sharp decrease in the concentration of urine urea 
and a diminution in the quantity of urine eliminated hourly, due to renal 
poisoning. 

Mioni [1906] showed that intravenous injection of heterogeneous 
erythrocytes into dogs caused vascular changes similar to those following 
proteose injections, while heterogeneous serum caused weaker and more 
transient changes. De Kruif [1917] and Drinker and Brittingham 
[1919] showed that homogeneous plasma is singularly non-toxic as com¬ 
pared with serum. It is to be expected, therefore, that the effect of 
heterogeneous corpuscles on the kidney will be greater than that due to 
heterogeneous plasma. The present experiments indicate this, but it is 
necessary to bear in mind that the amount of foreign protein injected was 
much greater in the corpuscle transfusion than in the transfusion of plasma. 
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Conclusion. 

1. In the normal unfed dog: (a) the blood urea level is constant or 
nearly constant over a period of 6-10 hours; (6) the quantity of the urea 
eliminated per hour by the kidney is almost constant. 

2. Following transfusion of dog’s blood into dogs: (a) the blood urea 
level is not affected; (6) the curve of urine urea has its usual character. 

3. Transfusion of cat’s blood into dogs results in an increase of blood 
urea which reaches its maximum after 4-6 hours. The normal concentra¬ 
tion is restored within 24 hours. 

4. Transfusion of rabbit’s blood into three dogs results in severe 
damage to the kidneys, with fatal effects in one dog. 

5. Transfusion of washed blood corpuscles causes a more pronounced 
increase in the quantity of blood urea than that following the transfusion 
of the citrated plasma of the same blood. This may be due, at any rate in 
part, to the larger dose of protein given in the corpuscle transfusion. 

6. Repeated transfusions of incompatible blood (from cat or rabbit 
into dog) result in acute anaphylactic renal poisoning. It is remarkable 
that one out of the five animals recovered. 

I am indebted to Sir Gowland Hopkins and Prof. Joseph Bar- 
croft for their interest and valuable advice during this investigation. 
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THE LACTIC ACID METABOLISM OF FROG’S MUSCLE 
POISONED WITH lODOACETIC ACID. 

I. The lactic acid metabolism of anaerobic iodoacetate muscle. 

II. The lactic acid metabolism of aerobic iodoacetate muscle. 

By COLIN ASHLEY MAWSON. 

{From the Department of Physiology, the Victoria 
University of Manchester.) 

1. THE LACTIC ACID METABOLISM OF ANAEROBIC 
IODOACETATE MUSCLE. 

The work of Lundsgaard [1930] has demonstrated that a muscle 
poisoned with iodoacetic acid can do a considerable amount of work 
without any production of lactic acid. The source of chemical energy for 
both normal and poisoned muscles is to be found in the heat of reaction 
of the breakdown of creatinephosphoric acid to creatine and phosphoric 
acid, and in a normal muscle the energy necessary to allow of the resyn¬ 
thesis of creatine phosphoric acid is produced, at any rate in the main, 
by the breakdown of glycogen to lactic acid. Finally, the status quo ante 
is restored by the resynthesis of glycogen from four-fifths of the lactic 
acid produced, the necessary energy being provided by the combustion of 
the remaining one-fifth of the lactic acid. Such, in brief, is believed to be 
the course of the main events during and after a muscular contraction. 

In a poisoned muscle, however, the production of lactic acid is in¬ 
hibited, and although glycogen breaks down it is converted to hexose 
mono- and diphosphoric esters [Lundsgaard, 1930] with very little pro¬ 
duction of energy, so that the restoration of the creatinephosphoric acid 
broken down during activity is rendered impossible. When, therefore, the 
store of this essential material becomes exhausted, the muscle ceases to 
twitch and goes into a peculiar type of rigor. This phenomenon occurs 
under both aerobic and anaerobic conditions, although an oxygenated 
muscle will usually survive longer than an anaerobic muscle [Lunds¬ 
gaard, 1930]. 
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It might be that in iodoacetate muscle lactic acid is actually produced, 
but is subsequently removed at a sufficiently rapid rate to prevent its 
detection, and previously published evidence does not seem to preclude 
this possibility. In a form of poisoning closely resembling that of iodoace¬ 
tate, however, it has been shown [Lipmann, 1927] that lactate is not 
removed when added to minced anaerobic muscle in the presence of 
fluoride, but it seemed profitable to carry out a series of experiments to 
investigate the possibility of removal of lactate by muscle in the presence 
of iodoacetate. 

In the first instance, minced frog muscle was incubated for a sufficient 
time in presence of prussic acid to ensure the production of a considerable 
amount of lactic acid. Potassium iodoacetate was then added to one 
portion and incubation continued. No appreciable reduction in the 
amount of lactic acid present could be obtained by this procedure. 

An attempt was also made to obtain removal of lactic acid from 
lactate solution added to freshly minced muscle, but neither incubation 
of the material with iodoacetate nor leaving the same mixture at room 
temperature for a considerable period caused any redxiction in the amount 
of added lactate. 

Experiments on similar lines were then carried out on intact frogs. 
The animals were pithed and the feet pierced with silver wire electrodes. 
After giving 100 ‘‘make and break'’ maximal shocks the heart was ex¬ 
posed, the sinus venosus punctured, and 5 c.c. of iodoacetate solution in 
phosphate-Einger perfused slowly through the frog by injection of the 
fluid into the aorta. Immediately after this treatment one leg was cut off 
and worked up for lactic acid, and the other leg allowed to go into rigor. 
This usually took place after 45 to 100 minutes. The remaining leg was 
then treated in exactly the same manner as the leg which had previously 
been cut off. 

It was considered probable that, if anaerobic reduction of lactic acid 
did occur at all, the leg which had gone into rigor would have contained 
little or no lactic acid, but this was not found to be the case. The perfusion 
of the frog must necessarily have washed out considerable amounts of 
pre-formed lactic acid, but in general similar amounts would be lost from 
either leg, and it was believed at fiirst that evidence had been obtained of 
a reduction in lactic acid content in the “rigor” leg of the order of 
25 p.c. Control experiments, however, showed that this apparent 
reduction was due to the fact that iodoacetate poisoning is a time reaction 
[Lundsgaard, 1930]. 

During the mincing of the “cut off” limb lactic acid was produced, 
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because it was worked up immediately after the perfusion, whereas the 
“rigor” limb gave rise to no lactic acid during the mincing period. The 
difference in lactic acid content of the two limbs, in fact, disappeared if 
the “cut off” limb was removed 10-17 minutes after the end of the per¬ 
fusion and the “rigor” limb after a further hour’s contact with iodo- 
acetate. 

The conclusion, then, can be drawn that neither in minced muscle, 
nor in muscle in the intact limb of the frog, can lactic acid be removed 
anaerobically in the presence of iodoacetate. 

Experimental. 

A series of experiments was carried out in which muscle from four 
winter frogs was minced in a mincer cooled in ice, and the pulp divided 
into three portions in a cold dish. One portion was worked up for resting 
content of lactate, one incubated at 37^^ C. for 90 minutes with two drops 
of HCN and 2 c.c. of A 7 IOO potassium iodoacetate solution. The third 
portion was treated in a similar way, but without addition of iodoacetate. 
The results (Table I) show that the muscle incubated in presence of iodo¬ 
acetate produces no appreciable quantity of lactic acid. The percentages 
of lactic acid are calculated on moist muscle weight. 

Tablk I. 


Exp. 

Renting 

Lactic acid (p.c.) 

Incubated with 

Incubated 

No. 

muscle 

iodoacetate 

alone 

17 

0-082 

0*095 

0*329 

20 

0052 

0*038 

0*236 

23 

0064 

0*096 

0*374 

30 

0()r>4 

0*068 

0*253 


Mean 0*066 

~~ 0*069 

0*298 


In the next series of experiments the muscle was minced and incu¬ 
bated at 37° C. for 2| hours. It was then divided into three portions, one 
of which was incubated for a further 3 hours with addition of two drops 
of HCN. The second portion was incubated for a similar period with 2 c.c. 
of A 7 IOO potassium iodoacetate and a similar amount of HCN, and the 
third portion was treated in the same way, but incubated overnight. The 
results given in Table II show that no appreciable reduction of lactic acid 
took place in the presence of iodoacetate. 

Lithium lactate solution was then added to freshly minced muscle, 
as it was thought possible that the enzyme system might have been 
disturbed by previous incubation of the pulp. It is known, for instance 
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Table II. 


Lactic acid (p.c.) 




Incubated 

Incubated 

Exp. 

Incubated 

3 hr. with 

overnight with 

No. 

3 hr. 

iodoacetate 

iodoacetate 

24 

0*457 

0*451 

0-496 

27 

0-616 

0-490 

0-500 

30A 

0*253 

— 

0-220 


[Lohmann, 1926J, that incubation of muscle extract for 15 minutes at 
37® C. will destroy the glycol3rtic activity of the extract. 

The minced muscle was divided into four portions. One was esti¬ 
mated as resting muscle. The next was treated with 1 c.c. of lactate 
solution and also given resting muscle treatment, the difEerence between 
the two giving the amount of added lactate. The same amount of lactate 
was added to the third portion, which was incubated for 4 hours with 
iodoacetate. The last portion was incubated alone for 4 hours. Toluene 
was used as a preservative in each case. In column 4 the added lactate 
has been subtracted from the observed lactate. 

Table III. 

Lactic acid (p.c.) 


Incubated 4 hr. 
-f Lactate and 
iodoacetate 


Exp. 

No. 

Resting 

Resting 
+ Lactate 

(less added 
lactate) 

Incubated 
4 hr. 

40 

0-041 

0-238 

0*032 

0*286 

41 

0*064 

0-244 

0*063 

0*300 

44 

0*048 

0*217 

0*042 

0*289 


In column 4 it is shown that the difference between the observed 
lactate and added lactate is a close approximation to the value for the 
resting muscle, as would be expected from the results given in Table I 
had no disappearance of lactate taken place. If any lactate had dis¬ 
appeared, subtraction of “added” from “observed” lactate would have 
given negative values in column 4. 

In the experiments on intact frogs the perfusing Ringer solution con¬ 
tained N12000 potassium iodoacetate (1 part in 10,000). The amount of 
lactic acid found respectively in “cut off” and “rigor” limbs is given in 
Table IV. The amounts are expressed as percentages of the dry weight of 
the muscles as the perfusion gave rise to an oedematous condition in 
some cases. 
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Table IV* 


Lactic acid (p.c.) 


Exp. 

“Cut off” 

“Rigor 

No. 

limb 

limb 

59 

0*434 

0*366 

65 

0*621 

0*474 

67 A 

0*332 

0*208 

67 B 

0*384 

0*244 

61 

0*691 

0*535 


Mean 0*492 

0*366 


The difference of 0-127 p.c. appeared significant, but some doubt arose 
when a control experiment was done using phosphate-Ringer solution 
without addition of iodoacetate. This gave 0*252 p.c. lactic acid in the 
Umb immediately severed and only 0-111 p.c. in the limb left for an hour, 
but a more important result was obtained by perfusing four frogs with 
Ringer containing iV/100 iodoacetate and estimating lactic acid in their 
muscles, removed and minced in a warm room without precautions after 
different periods of rest. 

Table V. 

Time of severance after perfusion (min.) 0 5 15 30 

Lactic acid on dry weight (p.c.) 0*585 0*495 0*221 0*137 

The “injury” production of lactic acid is clearly likely to be much 
greater in the “cut off” limb than in the “rigor” limb, where it will be 
negligible. This point was proved by experiment on frogs perfused with 
iV/300 iodoacetate Ringer solution. 

Table V^J. 


Lactic acid (p.c.) 


Exp. 

/ 

A 

No. 

Cut off 

Left 17 min. 

56A 

0*382 

0*191 

56B 

0*291 

0*241 

57 

0*149 

0*084 

58 

0*173 

0*116 


Mean 0*249 

0*158 


The mean difference of 0-091 p.c. is clearly of the same order as that 
of 0*127 p.c. in Table IV. The point was finally settled by doing experi¬ 
ments in which, in each experiment, two frogs were used. One was treated 
as before, one leg being cut off immediately after perfusion, and the other 
when rigor had set in. The other frog was allowed to remain 10-17 minutes 
after perfusion before the “cut off” leg was removed. Two typical results 
are given in Table VII. 
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Tabljs 

VII. 




Iodoacetic 


Time of 


Lactic acid (p.c.) 


Exp. 

acid con¬ 

No. of 

rest 

Cut off 

-A- 

-^ 

No. 

centration 

frog 

(min.) 

Rigor 

Difference 

54 

A/100 

1 

0 

0-590 

0-470 

0-120 



2 

17 

0*440 

0*435 

0-005 

55 

A/300 

lA 

0 

0*500 

0*232 

0-268 



2A 

10 

0*295 

0*270 

0*025 


It is therefore clear that, if the muscle is allowed to remain until it is 
thoroughly poisoned, no evidence of reduction of lactic acid content in 
presence of iodoacetate can be obtained by perfusion of the intact frog. 


II. THE LACTIC ACID METABOLISM OF AEROBIC 
IODOACETATE MUSCLE. 

Since the earliest work by Lundsgaard [1930] on the metabolism of 
muscle poisoned with iodoacetic acid it has become increasingly clear 
that the alteration in the chemical mechanism of the contractile process 
is not to be looked for in the earlier stages of the contraction-relaxation 
cycle of the stimulated muscle. Myothennic work by Hartree [1931] 
and Fischer [1931] demonstrated that not only was the appearance of 
the heat-production curve the same in poisoned as in normal muscle, but 
that the relationship between tension developed and heat produced was 
also identical in the two cases. The identity of the processes during the 
early stages of contraction of normal and poisoned muscles was shown to 
be possible when Lehnartz [1931] demonstrated the truth of the conten¬ 
tion that most of the lactic acid was produced after the conclusion of the 
mechanical response. The mechanical response itself was investigated by 
Henriques and Lundsgaard [1931], who found that the latent period, 
period of contraction, and course of the contraction curve as well as the 
tension-length developed, were quite normal in iodoacetic acid muscle. 

From these results it is clear that, in the earlier stages of a response to 
stimulation, a muscle poisoned with iodoacetic acid behaves as if it were a 
normal muscle. If, therefore, we are to find the link in the chain of events 
which is displaced by the action of the poison we must investigate the 
later stages of the response, and in this respect observation of the respira¬ 
tion of poisoned muscle assumes particular interest. Meyerhof and 
Boyland [1931] showed that the respiratory quotient of poisoned muscle 
was in the neighbourhood of 0*7, which would seem to indicate that the 
fuel being utilized was fat rather than carbohydrate. Addition of lactate 
to the muscle restored the respiratory quotient to a value of 0*95, which 
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is that observed for normal muscle, but the most striking feature of the 
observations was the threefold increase in respiration of the poisoned 
muscles on addition of the lactate ion. Addition of lactate to normal 
muscle causes an increase in respiration [Meyerhof, Lohmann and 
Meier, 1926], but the increase in oxygen uptake of poisoned muscle ex¬ 
ceeds this by 60 p.c. 



Fig. 1. Kxp. 126. (Control for Exp, 128.) Sartorious in oxygenated Ringer solution. 
I’en single twitches per minute, A. Normal contractions. B, After soaking for 30 min. 
m 1/20,000 iodoacetate. At X rigor began after 113 twitches. 



Fig. 2. Exp. 128. Sartorius in oxygenated lactate-Ringer solution. Ten single twitches 
per minute. A, Twitches in presence of lactate. B. First 100 twitches after 30 min. 
in 1/20,(XK) iodoacetate. C. Twitches from No. 500 to No. 650. D. Twitches from 
No. 1300 to No. 1440. Rigor began at X. 

The question then arose as to the manner in which the muscle was 
using up its increased oxygen consumption. It seemed likely that the 
added lactate was being utilized as fuel for the provision of energy for an 
endothermic reaction, and it was possible that the most essential re¬ 
action in muscular metabolism— i.e. the resynthesis of creatine phos¬ 
phoric acid, was being provided for in this way. It is well known that this 
resynthesis does not normally take place in muscle poisoned with iodo- 
acetic acid [Lundsgaard, 1930]. If the combustion of added lactate in 
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oxygenated poisoned muscle did indeed result in the resynthesis of, per¬ 
haps, some part of the creatine phosphoric acid broken down, it would be 
expected that a poisoned muscle which received added lactate and oxygen 
would show powers of contraction superior in duration to those of a 
similar muscle supplied with oxygen alone. 

*This was, in fact, found to be the case. A solution of sodium d-lactate, 
prepared from cat muscle, was made up in phosphate-Einger solution to a 




Fig. 3. Exp. 157. Sartorius in oxygenated lactate-Ringer solution. Six single twitches 
per minute. A, First 100 twitches after soaking in 1/20,000 iodoacetate. R. After 
300 further twitches. C, Twitches in absence of oxygen after 15 min. anaerobic rest. 
At X rigor began, 25 twitches after resumption of stimulation. 



Fig. 4. Exp. 100. (Control for Exp. 157.) Sartorius in oxygenated Ringer solution. Six 
single twitches per minute. A, Normal contractions. B. After soaking for 30 min. in 
1/20,000 iodoacetate. At X rigor began after 50 twitches. 

concentration of about 0*04 p.c. lactic acid. A pair of sartorii of Rana 
temporaria, which had been poisoned by soaking for half an hour in 
sodium iodoacetate-Ringer solution (1/20,000 CH2lC00Na), gave about 
100 twitches in oxygen before rigor commenced (Fig. 1), but a sartorius 
which had been soaked for half an hour in lactate-Ringer before addition 
of suflB-cient iodoacetate to give the same concentration of poison would, 
after half an hour’s soaking in the iodoacetate, give as much as 1400 
twitches before signs of rigor began to appear (Fig. 2). In cases where 
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rigor developed at all in presence of lactate it was always much smaller in 
amount than in the poisoned muscle to which lactate had not previously 
been added. 

The fact that this apparent protection of the muscle from the action 
of the poison is due to the oxidative removal of the added lactate, and 
not to interaction between the lactate and the iodoacetate as such, can 
be demonstrated by cutting off the oxygen supply (Fig. 3). The effect is 
not immediately visible owing to the amount of oxygen present in solu¬ 
tion in the Ringer, but in a remarkably short time the muscle develops 
typical symptoms of iodoacetic acid poisoning, very soon ceases to 
twitch, and goes into rigor. 

An attempt was made to obtain quantitative evidence of the dis¬ 
appearance of lactic acid from the solution during the activity of poisoned 
muscle, and for this purpose an apparatus was used which was suitable 
for the estimation of quantities of lactic acid of the order of 0*1 mg. 
[Mawson and Ritchie, 1932]. After the muscle had been at rest in 
oxygenated lactate-Ringer solution for half an hour a sample was with¬ 
drawn, suitably diluted, and the lactic acid estimated . Iodoacetate was 
added, the muscle left for a further half hour, and stimulation commenced. 
After some time another sample of the solution was removed and the 
lactate estimated again. Some tyqncal results are given in Table VIII. 


Table VIIl. 


K\p. 

No. 

W 

TL 

Weight of lactic acid (mg.) 

TL 

(fr.) 

(kg.-cm.) 

Before 

After 

Loss 

Loss 

Ui 

01540 

182 3 

1 030 

1-415 

0-215 

848 

145 

01080 

07 04 

1-044 

1-472 

0 172 

394 

140 

0l()l2 

44-30 

1-0,50 

1-528 

0-122 

304 

148 

01230 

100-0 

1-571 

1-381 

0-190 

558 


W - moist weight of muscle (g.). 

L - length of muscle (cm.). 

T —tension developed (kg.) during experiment. 


The figures given are probably not sufficiently reliable to allow any 

( TL \ 
Loss) 

between the energy output of the muscle and the lactic acid consumed, 
but they are sufficient to demonstrate the removal of lactic acid by the 
poisoned muscle during a period of aerobic activity. 

Several experiments were carried out in which creatine was added to the 
lactate-Ringer solution used in the other experiments, but it did not seem 
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to have any appreciable influence on the results obtained, and no dis¬ 
appearance of creatine from the solution could be detected on stimulation 
of the muscle. 

It was shown by Lipmann and Meyerhof [1930] that the break¬ 
down of creatinephosphoric acid was accelerated by raising the concen¬ 
tration of carbon dioxide in the muscle, so it would be anticipated that 
addition of CO 2 to the oxygen supply of a poisoned muscle in presence of 
lactate would tend to prevent the utilization of the lactate for the re 83 rn- 
thesis of creatinephosphoric acid. It was found that the addition of up 
to 4’0 p.c. CO 2 (giving pH 6 * 8 ) to the oxygen supply had only a slightly 
deleterious effect, but any considerable increase of CO 2 tension above this 
value seriously hastened the onset of rigor, and resulted in a series of 
twitches similar to those given by a poisoned muscle working in the 
absence of added lactate. 

A curious feature of these phenomena which is difficult to explain is 
that, once symptoms of poisoning have developed, the muscle cannot be 
saved. If, for instance, a muscle is first of all poisoned, and lactate added 
subsequently, although it will twitch for a somewhat longer period than 
if no lactate were added, the postponement of rigor and non-irritability 
is very limited, and this is also true, though to a less extent, if poison and 
lactate are added simultaneously. This may be due, at any rate in the 
former case, to the fact that even when the muscle is at rest its metabolic 
processes are slowly proceeding, and consequently the initially poisoned 
muscle is losing creatine phosphoric acid, without resynthesis, during its 
period of soaking. This point of view is strengthened by the fact that if a 
poisoned muscle, twitching vigorously in presence of lactate, is deprived 
for a few minutes of its oxygen supply, resumption of the passage of 
oxygen does not postpone for very long the development of marked 
symptoms of iodoacetate poisoning which would not, had the oxygen 
supply been continuous, have appeared until after several hundred 
further twitches. 

It was also noticed that at temperatures below 10 ° C. poisoned muscles 
would continue to twitch for very much longer than they would, say, at 
15° C. The initial part of the tracing of the muscle at low temperature 
was not greatly different from a trace taken at 15° C., but after about 
100 twitches a very prolonged series of small, irregular twitches com¬ 
menced which might continue to the number of three or four hundred. 
Rigor developed at about the hundredth twitch, as at 15° C., but it was 
very small in amount and did not increase nearly as rapidly as at the 
higher temperature. 
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It is not easy to relate the phenomena described to the metabolic 
processes of normal muscle, but it has been observed that part of the 
resynthesis of creatinephosphoric acid in normal muscle has to await the 
aerobic processes following the twitch [Hill, 1932]. It may be that this 
mechanism is, in poisoned aerobic muscle, called upon to bear the whole 
burden of resynthesis of creatinephosphoric acid. A poisoned muscle, 
even in the presence of lactate, although it will remain active much longer 
than if no lactate were present, becomes non-irritable long before a 
normal muscle would show serious signs of fatigue, and this may well be 
due to the fact that the synthetic system kept in action by combustion 
of lactate is insufficient to keep up the store of creatinephosphoric acid 
to its normal level, with the result that constant wastage occurs. It must 
not be forgotten, too, that poisoned muscle is continuously losing 
glycogen, and abnormal amounts of hexose phosphoric esters are accu¬ 
mulating. 

It is, however, clear that the reason for the rapid deterioration of 
poisoned muscle, even in oxygen, is the actual absence of lactic acid, and 
that the non-production of lactic acid is not merely a symptom of the 
conditions. The results also tend to strengthen the point of view that 
lactic acid is an intermediate step in the oxidation of glycogen to carbon 
dioxide and water, rather than the theory that lactic acid lies off the 
main path of carbohydrate oxidation. 

The point of action of the iodoacetate is evidently not at the end of 
the chain of events, and as we know that the beginning of the chain is 
also unaffected by the poison the broken link may be sought in a more 
limited field. The suggestion of Meyerhof [1926] that the appearance of 
hexose phosphoric esters is due to abnormal stabilization of a labile 
hexose monophosphoric ester is very attractive, but would seem to be 
difficult, from its nature, of verification. 

I wish to acknowledge a private communication from Dr E. Lunds- 
gaard, who informs me that he has recently carried out experiments on 
the addition of lactate to oxygenated iodoacetate muscle with results 
similar to those reported in this paper. 
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SUMMARY. 

Part I. 

No anaerobic disappearance of lactic acid takes place in a muscle 
poisoned with iodoacetic acid. 

Part II. 

1. A muscle poisoned with iodoacetate in the presence of oxygen and 
lactate will continue to contract long after a similar muscle, without 
added lactate, has become non-irritable and has gone into rigor. 

2 . Lactate disappears during such a prolonged series of twitches, and 
it is suggested that it is used, at least in part, as fuel to provide for the re¬ 
synthesis of creatinephosphoric acid. 

3. Addition of more than 4 p.c. of CO 2 to the oxygen supply tends to 
prevent the prolongation of activity due to added lactate. 

4. The disappearance of added creatine during the activity of aerobic 
iodoacetate muscle could not be demonstrated. 

In conclusion I wish to acknowledge a grant from the Medical Research Council 
and to express my gratitude to Mr A. D. Ritchie, M.A., for his invaluable advice and 
encouragement, and to Prof. H. S. Haper, F.R.S., for his assistance in the revision of 
this paper. 
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REVERSAL OF THE GASTRIC VAGUS. 

By G. L. brown and R. C. GARRY. 

{From the Department of Physiology^ University of Leeds.) 

Garry [1930 a, 6] and Shafer, Underwood and Gaynor [1930] 
found that anaytal (iso-amyl ethyl barbituric acid) had the peculiar 
property of removing the inhibitory effect of the vagus on the heart. 
The effect was demonstrated in animals anaesthetized with amytal and 
in decapitate preparations which had received subanaesthetic doses of 
the drug by intraperitoneal injection or by intravenous infusion. 

It appeared to us that considerable interest would attach to the 
investigation of the action of the drug on the response of the stomach 
to vagus stimulation. There exists a considerable body of very contra¬ 
dictory literature with reference to the effect on the stomach of the 
vagus. This has recently been reviewed by McSwiney [1931]. In 
general it appears that both excitation and inhibition may result from 
vagus stimulation, a factor in determining the direction of the response 
being the state of activity of the stomach at the time of stimulation. 
The active contracted stomach is stated to respond by relaxation, and 
the relaxed organ by contraction [Carlson, Boyd and Pearcy, 1922; 
McCrea, McSwiney and Stopford, 1925; McCrea and McSwiney, 
1926]. A number of observers have found that the frequency and strength 
of the stimulation may play a part in determining the effect. Thus, 
Veach [1925] is of the opinion that the effect of the vagus on the lower 
oesophagus and stomach is of the nature of Wedensky inhibition. 
Veach, Schwartz and Weinstein [1930] have suggested the term 
“inhibition by fatigue’’ as being more applicable to the effects of the 
vagus on the stomach. McSwiney and Wadge [1928] have brought 
forward evidence to disprove the existence of Wedensky effects. 

We hoped by the use of a drug such as amytal, which appeared to 
have a specific action on the vagal inhibitory mechanism, to elucidate 
some of the problems presented by these conflicting views. 
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Methods. 

Cats were employed throughout the investigation, since they afforded 
a preparation which is reliable and which gives consistent results. In 
many experiments the spinal cat was used: it was prepared under ether 
by transection of the cord at the atlanto-axial joint and destruction of 
the brain with sinus forceps. Artificial ventilation on oxygen was given 



by a Starling pump; the ventilation was kept as low as possible com¬ 
patible with adequate arterialization of the blood, and a suflScient dead 
space was provided. 

After preparation of the animal, the pylorus was ligated through a 
small abdominal incision, the abdomen was closed, and the stomach 
was washed out through a tube passed through a cervical oesophagotomy. 
In those experiments in which it was wished to secure activity of the 


REVERSAL OF THE GASTRIC VAGUS. 


216 


stomach, 60 c.c. of meat extract in warm water were administered imme¬ 
diately after washing out. A water float manometer connected to the 
stomach tube was used for recording the gastric movements, the whole 
system being filled with warm 0*9 p.c. saline. The peripheral end of the 
cut vagus nerve was stimulated both in the neck and below the heart 
in the thorax, and, in certain experiments, the thoracic sympathetic 
chain was also stimulated. To expose the infracardiac vagus, the ribs 
were exposed through a longitudinal incision through the skin and 
latissimus dorsi, an intercostal space was opened and the ribs held apart. 
One of the larger branches of the vagus was identified on the oesophagus, 
tied and dissected downwards for some 2 cm. The oesophageal vagus in 
the cat consists usually of a main right and left branch with one or more 
finer twigs lying posteriorly. When necessary, the sympathetic chain 
was dissected out through the same incision. 

All nerve stimulation was carried out by means of fluid electrodes 
filled with the warmed defibrinated blood of the animal imder experi¬ 
ment. The electrodes were constructed of vulcanite, electrical contact 
being made by silver plugs (Fig. 1). The nerve is drawn through on a 
fine ligature and the lower hole tilled with vaseline or a mixture of hard 
paraffin and vaseline. The lower chamber is then filled with blood by 
means of the side tube A, which is then plugged. The upper chamber 
is filled through B, and the thread holding the nerve is secured by the 
plug. After application to the nerve, the electrodes are allowed to rest 
in the thorax, and the thoracic wall is closed. In these conditions the 
nerve retains its excitability practically unaltered for as long as 6 hours, 
spread of current is effectively eliminated, and the nerves may be 
stimulated without any interference with the animal under experiment. 
Stimuli of frequencies between 2 and 60 break shocks per sec. were 
applied by means of a calibrated induction coil and the contact breaker 
described by Brown and Lees [1931]. 

Results, 

In all experiments in which amytal was administered to the spinal 
animal, the normal reaction to vagus stimulation was determined prior 
to the administration of the drug. We consider that the discrepancies 
in the literature and the rarity with which animals not under the influence 
of anaesthetics have been employed for the investigation oi the effect of 
vagus stimulation on the stomach justify a separate consideration of 
the results obtained. 
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Normal response to the vagus. 

The account given below applies to the effects of stimulating both 
the cervical and the infracardiac vagus unless statement is made to the 
contrary. In general, the results may be divided into three classes. 

(a) When the stomach shows definite tone and activity. As a cri¬ 
terion of the tonus of the stomach we have used the ability of the organ 
to maintain a head of pressure in the manometer [McCrea, McSwiney 
and Stopford, 1926]. When the stomach is atonic, the introduction of 
as much as 200 c.c. of fluid does not cause the entogastric pressure to 
rise above about 6 cm. When, on the contrary, the gastric tonus is high, 
the stomach will maintain a pressure of as much as 15 cm. with the 
introduction of only 60 c.c. of fluid. The term activity we have used in 
reference to the presence of rh 3 rthmic movements. Adequate rhythmic 
movements are usually, but not always, associated with good tone. 

When the stomach shows good tone and activity, the response to 
vagal stimulation is predominantly one of inhibition (Fig. 2 A). Fre¬ 
quently the inhibitory effect is preceded by a sharp contraction of short 
duration. In some instances, with prolonged stimulation, the inhibition 
tends to escape and the record regains its previous level. The inhibition 
is sometimes followed by some augmentation of rhj’thmic movements 
and a rise of the record above its previous base line. In experiments of 
this class, inhibition results from all strengths and frequencies of stimu¬ 
lation, a frequency as low as 2 per sec. causing a profound and lasting 
inhibition. 

(b) When the stomach is definitely atonic. The response to vagus 
stimulation is predominantly one of contraction and augmentation or 
initiation of rhythmic movements. The contraction is frequently pre¬ 
ceded by a relaxation of very short duration. 

(c) When the condition of the stomach is indefinite, motor responses 
are common at the outset of the experiment. This response frequently 
becomes more and more of the nature of an inhibition as the stimulation 
is repeated and the tone and activity rise. In these experiments, varia¬ 
tions in the response due to alterations in frequency, duration and 
strength of the stimulating current are most commonly observed. In 
the majority of our experiments, low-frequency stimulation favoured 
inhibition and high-frequency favoured contraction. In one experiment 
alone, results which might agree with the “Wedensky” hypothesis of 
Veach [1925] were observed. The effects of duration of stimulation 
are of interest. A short duration stimulus of high frequency produced 
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inhibition as a post-stimulation phenomenon. Prolongation of such a 
stimulus carried the response through the inhibition to a marked con¬ 
traction. It is, indeed, frequently possible to obtain any response desired 
by the adjustment of the duration and type of stimulation. This is 
rendered especially easy when the final response, be it contraction or 
relaxation, is preceded by an initial response of short duration of the 
opposite sign. For instance, relaxation is, as previously pointed out, 



Fig. 2. Spinal cat. Stimulation of left vagus in the neck: A. Before amytal, 50 per sec., 
coil 0. B. Immediately after administration of 40 mg. of amytal per kg., 50 per sec., 
coil 0. C. Three hours after amytal, 50 per sec., coil 0. 

frequently preceded by a sharp contraction; suitable stimulation at a 
sufficiently low frequency will then produce a series of such preliminary 
contractions, giving the appearance of a true motor response. Similarly, 
as shown above, a short stimulation may evoke only the short relaxation 
which frequently precedes an otherwise pure motor reaction. 

In general, no significant differences were observed between the effect 
of stimulating the vagus in the neck and below the heart, and, in fact, 
the records obtained from each site of stimulation are frequently super- 
imposable. In one experiment alone, neck stimulation produced con¬ 
traction and thoracic relaxation. 
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To summarize, then, it appears that the predominant factor deter¬ 
mining the direction of the reaction of the stomach to vagus stimulation 
is the condition of activity and tonus of the organ. Where this is inde¬ 
terminate, the response may be controlled by the frequency and duration 
of the stimulating current. In many experiments, low frequency stimu¬ 
lation is more favourable to relaxation than high frequency. It is of 
interest to note in this connection that Dickinson and McSwiney 
[1932] find that in the isolated innervated preparation of the tortoise 
stomach, low-frequency stimulation is always more effective in the pro¬ 
duction of an inhibitory response to vagus stimulation. 

Effects of amytal. 

(1) In the spinal animaL 

(a) Vagus response in the neck. The initial experiments were per¬ 
formed in order to find whether amytal had any effect on the motor 
response of the stomach to vagus stimulation. Accordingly, spinal cats 
were prepared, and the administration of meat extract after ligation of 
the pylorus was omitted. In these circumstances, the usual response to 
vagus stimulation is one of contraction. The administration of amytal 
did not interfere in any way with the augmentor effect of vagus stimu¬ 
lation. 

Preparations were then made for the study of the inhibitory vagus 
effect. A constant inhibitory response to vagus stimulation was first 
established. Amytal was then either injected intravenously in small 
volume or given in dilute solution by slow intravenous infusion. The 
immediate effect of the drug is to cause a considerable fall of blood- 
pressure, which later recovers, and frequently a rise in tone of the 
stomach. This rise of stomach tone is most frequently seen after small 
doses. Doses of an anaesthetic value may cause some depression of 
gastric tone and activity. 

After administration of the drug, vagus stimulation of all strengths 
and frequencies causes contraction of the stomach (Fig. 2), the pre¬ 
vious inhibition being completely reversed. This contraction may be 
preceded by a small preliminary inhibition. Fig. 2 also shows the partial 
disappearance of the action of the drug after the passage of 2 hours. 
It is interesting to note that the reappearance of the gastric inhibitory 
effect is synchronous with the reappearance of the cardiac inhibition. 
It must be pointed out, however, that the effects of the drug on the 
cardiac vagus and on the gastric vagus do not necessarily run parallel, 
since reversal of the gastric vagus may be produced by doses of the 
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drug insuflGicient to abolish the inhibitory effect of the vagus on the 
heart. 

(6) Vagus response in the thorax. It appeared possible that the re¬ 
versal of the gastric vagus effect might be connected in some way with 
the abolition of the inhibition of the heart. We accordingly stimulated 
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Fig, 3. Spinal cat. Stimulation of right infracardiac vagus; A. Before amytal, 60 per 
sec., coil 10. B. After .30 mg. of amytal per kg., 60 per sec., coil 10. 

the vagus below the heart before and after the administration of amytal. 
Fig. 3 shows the effect on the vagus response of such an injection of 
amytal: there is, as in the neck, complete reversal of the inhibitory 
effect. The reversal of the infracardiac vagus is, however, not always 
as clear cut as the reversal from stimulation of the cervical vagus. Pre¬ 
liminary inhibitions are more prominent and persist after large doses 
of the drug. 
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(2) In the animal ancBsthetized with amytal. 

Stimulation of the cervical vagus in the animal ansssthetized with 
amytal caused in all cases contraction of the stomach. No inhibitory 
effects were observed. When the vagus is stimulated below the heart, 
a very interesting result is observed (Fig. 4). In the majority of experi¬ 
ments, the first stimulation in the thorax is definitely inhibitory. On 
repeating the stimulation when the stomach record has reached its 
previous level, the response is one of diminished relaxation or even 



Fig. 4. Cat anaesthetized with amytal. Consecutive stimulations of left infracardiac vagus, 
10 per sec., coil 10; showing development of reversal. 


contraction. With succeeding stimulations, the inhibitory effect becomes 
successively smaller until pure contraction alone is the final result of 
stimulation. Once the motor effect has been elicited, it persists through¬ 
out succeeding stimulations, if they are given in close sequence. If, 
however, no stimulation be applied for a period of at least 20 min., the 
first stimulation after this interval causes inhibition, contraction again 
occurring on repeating the stimulation. 

Amytal and the sympathetic. 

The action of amytal appears to be restricted to the inhibitory vagal 
mechanism of the stomach. In animals anaesthetized with the drug and 
in spinal animals which have received amytal, stimulation of the thoracic 
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sympathetic chain causes inhibition with high frequency stimuli, while 
the vagus both in the neck and in the thorax causes contraction (Fig. 5). 
It must, however, be pointed out that amytal, like all anaesthetics, may, 
in large doses, produce sufficient depression of the stomach to reverse 



Pig. 5. Spinal cat after administration of 02 mg. of amytal per kg.; A. Stimulation of 
left cervical vagus, 00 per sec., coil 7. B. Stimulation of right thoracic sympathetic 
chain, 60 per sec., coil 10. Previous to administration of the drug, both nerves pro¬ 
duced relaxation. 

the action of the sympathetic. If amytal in dilute solution be allowed 
to infuse slowly into a vein, the complete sequence of the reversal may 
be observed. At the beginning of the experiment, stimulation of both 
nerves causes relaxation of the stomach. As the concentration of am 3 rtal 
rises, the response to vagal stimulation becomes contraction, the sym¬ 
pathetic remaining inhibitory. Further increase of the drug concen¬ 
tration causes reversal of the sympathetic. 
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Discussion. 

The response of the stomach of the spinal animal to vagus stimula¬ 
tion has been investigated with a view to the establishment of the normal 
reaction. It appears clear that, as far as our present knowledge goes, 
the main factor determining the direction of the response of the stomach 
to vagus stimulation is the condition of activity of the peripheral 
mechanism. The frequency of stimuli applied to the nerve may play a 
part in determining the response, but only when the peripheral con¬ 
ditions are, as it were, in the balance. In these circumstances, frequencies 
between 2 and 20 per sec. are most effective in causing inhibition. We 
have found no evidence in favour of the existence ofWedensky effects 
in our preparations. 

We wish to draw attention to the very significant differences which 
exist between the response of the stomach to vagus stimulation and the 
effects of sympathetic stimulation. As B r o w n, M c S w i n e y and W a d g e 
[1930] have shown, the response of the stomach of the spinal animal 
to sympathetic stimulation bears little relation to the activity of the 
peripheral mechanism, the main factor being the frequency of stimuli 
incident upon the nerve. This difference is very well shown in the be¬ 
haviour of the isolated innervated stomach preparation. McSwiney 
and Robson [1931 a, 6] and Brown and McSwiney [1932] were able 
to obtain inhibition and contraction of the stomach strips at will by 
altering the frequency of stimuli applied to the peri-arterial (sympathetic) 
nerves. In the case of the vagal innervated strip, contraction was readily 
obtained, but inhibition occurred only after the addition of atropine to 
the preparation [McSwiney and Robson, 1929]. 

Further very striking differences between vagus and sympathetic 
effects are observed in the form of the reactions in the intact animal. 
The inhibitions and contractions evoked by sympathetic stimulation 
are almost invariably simple in form. Those produced by vagus stimu¬ 
lation are almost as frequently complicated by preliminary reactions 
opposite in sign to the final response. A striking feature of these pre¬ 
cursory reactions is their phasic character, the total duration being 
seldom more than 30 sec. These preliminary effects add considerably to 
the diiB&culty of interpretation of records, since stimuli of short duration 
may be sufi&cient to elicit only the preliminary effect. 

It is clear, then, that the vagus and the sympathetic effects on the 
stomach present many gross differences. In general it appears that the 
vagus system is very much more sensitive to external influences than 
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the sympathetic, and that the vagal inhibitory mechanism is largely 
disabled by the environmental change incident in the preparation of 
the isolated innervated strip. It is tempting to attribute these differences 
to the presence of the peripheral neurone in the vagus system. 

The effects of amytal on the response of the stomach to vagus stimu¬ 
lation present several points of interest. The gastric peripheral mechanism 
? is peculiarly susceptible to depressant drugs, and persistent motor effects 
are not uncommon in anaesthetized animals. The action of amytal, how¬ 
ever, appears to be much more specific than due simply to general de¬ 
pression of gastric function. In spinal animals which have received small 
doses of the drug, there may be an actual increase in tonus and activity, 
and, moreover, in animals anaesthetized with the drug, the initial reac¬ 
tion to vagus stimulation in the thorax may be inhibitory. 

It has been suggested that the inhibitory effects on the stomach of 
stimulation of the cervical vagus might be associated with the effect of 
the vagus on the heart, either mechanically on account of the fall of 
general blood-pressure, or by transmission by the blood stream of specific 
substances liberated in the heart [Brinkmann and Van der Velde, 
192»5]. The normal response of the stomach is apparently identical 
whether the vagus be stimulated in the cervical region or below the 
heart. There exist, however, certain differences when the effects of 
amytal are recorded. It appears that it is more difficult to reverse the 
vagus with amytal when stimulation is carried out below the heart. 
This phenomenon, however, does certainly not suggest that the cardiac 
effects do in any way contribute directly to the gastric inhibition. 

The limitation of the action of amytal to the vagal system is of 
interest. Brown and MeSwiney [1932] have recently shown that the 
inhibitory effects on the stomach of sympathetic stimulation may be 
reversed by the administration of luminal, and that the reversal is 
confined largely to the sympathetic system, since when the action of 
the sympathetic is purely motor, inhibition can still be obtained by 
vagus stimulation. In the case of am 3 rtal, the reverse holds good. When 
the vagus is causing contraction only, sympathetic stimulation still 
produces relaxation. It must be pointed out, however, that, with both 
drugs, pushing of the dose too far can produce abolition of the inhibitory 
effects of both the vagus and sympathetic. 

The present work shows that there exist very marked differences 
both in the response of the stomach to vagus and sympathetic stimula¬ 
tion and in the relative susceptibility of the two systems to certain 
ansesthetics. Kiss [1931] has recently suggested that the vagus conveys 
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to the stomach and intestines fibres which are entirely sympathetic in 
origin, and that the actions of the so-called parasympathetic system 
are merely a ‘"negative phase” of true sympathetic activity. While we 
are not in a position to criticize Kiss’s morphological findings as to the 
central origin of the anatomical vagus, this work shows that the peri¬ 
pheral effects, at least, of the two systems are very different and suggest 
a distinct mechanism for their actions. The same criticism is applicable 
to the work of Kure [1930, 1931], in that he suggests that the motor 
effects of splanchnic stimulation are due to admixed fibres of para¬ 
sympathetic origin. 

Brown and McSwiney [1932] have suggested that the motor and 
inhibitor responses of the stomach to the sympathetic and their reversal 
by luminal might be explained on the assumption of the liberation 
peripherally of a specific substance, the dire(ition of response depending 
on the rate of liberation. 

We have not sufficient evidence at our disposal to be able satisfactorily 
to explain the vagus phenomena on the same basis. It is, however, 
significant that we have found the optimum frequency of stimuli to 
produce inhibition by the vagus to be between 2 and 20 per sec., in 
view of the findings of McSwiney and Robson [1929] that maximum 
summation of stimuli takes place in the vagal peripheral neurone 
when the shocks applied to the nerve fall at an interval of 0-1 sec. 
This suggests that inhibition in the intact animal is associated with 
the maximum peripheral effect. 

Summary. 

The normal reactions of the stomach of the spinal cat to stimulation 
of the cervical and infracardiac vagus are described. Stimulation may 
result in either contraction or relaxation. The predominant factor deter¬ 
mining the direction of response is the condition of activity of the 
peripheral neuro-muscular mechanism. When this is indeterminate, the 
direction of response may be controlled by alteration in the frequency 
and duration of the stimulation; stimuli falling between 2 and 20 per sec. 
are most effective in producing relaxation. No significant differences 
were observed between the effects of vagus stimulation in the neck and 
below the heart. 

Administration of amytal (iso-amyl ethyl barbituric acid) in sub- 
ansesthetic doses reverses the inhibitory action of the vagus, leaving 
unaffected the response to sympathetic stimulation. The differences 
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between the effects on the stomach of vagus and of sympathetic stimu¬ 
lation are discussed. 

We wish to express our thanks to Prof. B. A. McSwiney for his 
advice and criticism throughout this investigation. 

The cxpenaeB of this investigation were defrayed in part by a grant made to 
Prof. B. A. McSwiney by the Government Grants Committee of the Royal Society. 
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deeper part of the inoision where there is great danger of perforating blood vessels of the 
vascular system serving the ventral part of the head. 

lagatures are now placed around the origin of the ventral aorta and around the posterior 
part of the bulbus but not tied, and the bulbus is partly severed by a transverse scissors' 
cut midway between the two ligatures. After preliminary washing of the wound with 
Ringer’s solution, the cannula, attached to the perfusion system and slowly dripping 



Fig. 1. Apparatus arrangement for perfusion of gills with pulsating pressure. Designed 
for rates of flow between 10 and 2000 c.c. per hour. See text for explanation. 

perfusion fluid, is inserted into the ventral aorta through the opening in the bulbus and 
perfusion is begun. When satisfactory perfusion is demonstrated (by the appearance of a 
good flow from the dorsal aorta), the ligatures are tied and the incision in the body wall 
is closed around the cannula with sutures and wound clips. Speed in establishing the 
branchial circulation is, of course, essential. 

The remainder of the operation, cannulation of the dorsal aorta, etc., may be com¬ 
pleted as in the heart-gill preparation. For many purposes the closed external circulation 
may be dispensed with as it has been shown [Keys, 1931 6] that the total chloride loss 
from the internal system is equivalent to the total gain of the external system. 
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Chloride concentrations were determined by Keys’ [1931 c] method, 
while vapour pressures were determined by Hill’s [1930] method in the 
manner described byMargaria [1930]. The perfusion fluid was the same 
as that used in the previous perfusion experiments with eels except that 
urea was omitted^. 

Vapour-pressure determinations on the perfusion medium of the con¬ 
centration adopted for the present work indicated it to be the osmotic 
equivalent of a 1’196 p.c. solution of NaCl; in other words its concen¬ 
tration amounted to 0*3179 osmoles per litre. 


Experimental results. 

The principal experimental results are presented in Table I, in which 
the chloride and vapour-pressure changes in the perfusion fluid resulting 
from repeated circulation through the heart and gills (Group A) and 
through the gills alone (Group B) are given in comparable terms. It 
should be noted that all the eels had been acclimatized to sea water for 
some days before experiment and the gills were bathed in flowing sea 
water (freezing point — 2*0° C.) throughout the experiments. 


Table 1. 

('onoentration 
dian^es calc, 
as net uik 

chloride transferred 
per hour/kg 
Vai>our- of eel from 




Hours after start 

Mean 

Chloride 

nressiue 

,_A 

■ 


LivH 

of oiwration 

vol 

concentrations 

cuanKe as 

Cl 

\'^apour- 


wt of 


- 

internal 

(ihk /100 c c ) 

equivalent 

detei' 

pressure 

Kxj) 

<*el 

lie-in exp 


medium 



to p c. 

minations 

deter¬ 

No 

(«) 

period 

i'hnl 

(cc ) 

BcKin 

End 

NaCl 


minations 

lA* 

280 

1-22 

2-66 

434 

692-5 

— 

+ 0-026 

— 

+ 17 

2a 

411 

106 

2*47 

63-5 

692-3 

682-2 

+ 0-007 

-10-0 

+ 4 

3a 

454 

100 

2-87 

83-6 

692-3 

686-7 

+ 0-0157 

- 5-5 

+ 9 

1 B 

460 

1*20 

307 

63*2 

692-3 

673-6 

-00127 

-137 

- 7 

2 B 

322 

0*75 

2*42 

67-8 

692-3 

684-4 

-0-0102 

- 9-9 

- 8 

3b 

438 

0*80 

1-73 

69-2 

692-3 

685-4 

-0-0115 

-11-7 

-12 

4 B 

345 

0-72 

2*93 

69-2 

692-3 

680-0 

-00124 

-11-2 

- 7 

5b 

360 

0*90 

210 

69-2 

692-3 

691-1 

-0 005 

- 1-8 

- 4 

6b 

234 

1*42 

4*12 

69*2 

692-3 

687-1 

-0-023 

- 5-7 

-15 

7b 

281 

0*92 

2*38 

69*2 

693-0 

691-1 

+ 0-0019 

- 3-2 

+ 1 


♦ Gill surface slightly injured in this experiment. 


A representative protocol from each group will serve to illustrate the 
manner in which the foregoing results were obtained. 

1 20c.c. CaCl, 0149M., 30o.c. KCl 0196M., 0-40 g. NaHCOj, 0*90 g. glucose, made 
up to 1 litre with 0*1960 M. NaCL 
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Protocol 3 A. Ileari-gill repeat circulation. 

Eel from sea water (5 days), weight 454 g. 

Operahon begun 11:08 a.m., internal circulation established 11:20 a.m., operation complete 
11:58 a.m. 

Internal medium standard perfusion medium, A about 0'71° C. 

External medium pure sea water, A about 2*0° C. 

Temperature of gills 11 ^ C. 

Control sample of circulating perfusion medium taken at 12:09 p.m. 

Expenme^it ended at 2:00 p.m. and sample of perfusate taken for analysis. 

Mean volume of perfusion medium in circulating system 83-6 c.c. 

Weight of head at start of experiment 157*6 g. 

Chloride roncentratw7is: 


Control 


Experimental 


692-32 1 

692-26 r Mean 692-3 mg. per 100 c.c. 
692-30) 

V ajH) ur-presmre determ i n at ion # .* 

Concentration change expressed in 
solution. 


686-76^ 

686-78 [ 686-7 mg. per 100 c.c. 

686-64 j 

terms of an osmotically equivalent NaCl 


Experimental solution = control-f 0-0135, +0-0159, +0-0165, mean +0-0157 p.c. NaCl. 


Calculations: 


J-5-6) (0*836) 

* (2-87-1*00) (0-454)' 


mg. Cl lost per hour per kg. of eel indicated by chloride determinations. 


(+0-01 57) ( 35-5) (0-836) 

(2-87 - 1-00) (68-5) (0-454) 

or total osmotic concentration gain expressed as mg. Cl per hour per kg. 


Protocol 1 B. Ventral aorta-gill preparation, repeat circulatio'n. 


Eel from sea water (3 days), weight 450 g. 

Operation begun 11:36 a.m., internal circulation established 11:47 a.m., operation complete 
12:15 p.m. 

Internal medium standard perfusion medium, A about 0-71” C. 

External medium, pure sea water, A about 2*0° C. 

Temperature of gills 15” C. 

Coydrol sample taken at 12:55 p.m. (1-20 hours after start of operation). 

Experiment ended at 2:40 p.m. (3-07 hours after start, of operation) and perfusate sample 
taken. 

Mean perfusion volume 63*2 c.c. 

Chloride concentrations: 


Control Experimental 

692-31 I 673*51'j 

692-23 ( ®^2-33 mg. Cl per 100 c.c. glgt.’ [ Mean 673-63 mg. Cl per 100 c.c. 

692-361 673-721 

F apour pressures: 

Experiments control -0-0165, -0-0123, -0-0092, mean - 0-0127 p.c. NaCl. 
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Cakvlations: I (~ (0‘®32) 

(3 07“-^26) (0-0460)' 
mg. Cl lost per hour per kg. as indicated by chloride determinations. 


,= - 13 * 7 , 


jj ( ~ 0-0127) (935-5) (0-632) _ 

• (58-5)“(3"07 - 1-20) (0-450) ~ 

or total osmotic concentration loss expressed as mg. Cl loss per hour per kg., calcu¬ 
lated from vapour-pressure determinations. 


The figures for the concentration changes as indicated by the vapour- 
pressure determinations are subject to a relatively large error. Even 
with the most careful procedure the error in the vapour-pressure deter¬ 
minations is rarely less than i: 0*002 p.c. NaCl in the concentration 
differences with which we are dealing. The magnification of the concen¬ 
tration changes produced by the repeat circulation is limited by the 
loss of perfusion medium by leakage. In spite of every effort to reduce 
this leakage to a minimum, we were unable to reduce it below about 
3 p.c. of the total circulation in the heart-gill preparation and about 
5 p.c. in the ventral aorta-gill preparation. While there was no difficulty 
in preventing leakage around the points of cannulation, there remained 
two sources of loss. Leakage from the cut edges of the tissues is only 
partly prevented by such expedients as reducing the incised tissue to 
a minimum and closure of the incisions with sutures and clamps; the 
other, and more important source of loss of perfusion fluid, is through 
leakage into the tissues of the head, producing cedema. We have made 
a number of measurements of the amount of oedema. 

There are two forces tending to cause oedema in the perfusion experi¬ 
ments. C'omraunication with the tissues of the head by way of the 
arterioles is not entirely blocked, although return of fluid from these 
tissues to the perfusion system is impossible. The head tissues will thus 
be subjected to an effective hydrostatic pressure practically equal to 
the full arterial pressure, and the pressure available tending to cause 
filtration through the capillary walls will be correspondingly greater than 
in the normal animal where there is a free venous outflow [see Krogh, 
Landis and Turner, 1932]. The reduction in pressure afforded by the 
relatively insignificant venous escape from the cut edges of the tissues 
in the incision can only be slight, so that the venous pressure will tend 
to approximate to the arterial pressure. 

The second factor tending to cause oedema in the tissues of the head 
is the colloid osmotic pressure of the tissues. In the normal vertebrate 
animal an equilibrium, or at least a steady state, exists in which the 
tissue volume and water content remain constant when the blood has a 
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colloid osmotic pressure of something like 20 to 30 mm. Hg [see Krogh, 
1929, p. 293 et seq.\ and we take it that the tissue colloid osmotic 
pressure is not dissimilar. The perfusion fluid used in the present ex¬ 
periments contained no colloid, this being omitted because the high con¬ 
centrations necessary to produce osmotic pressures of the order required 
interfere seriously with the chloride determinations. 

The measurements of oedema were made by weighing the severed 
head before and after perfusion as a repeat circulation ventral aorta-gill 
preparation (see Table II). 


Table H. (Edema in the perfused head of the eel. 


Initial weight 

Final 

Duration 

(Edema 

(Edema fluid as 

of head 

weight 

of exp. 

fluid 

p.c. of initial 

(g.) 

(g.) 

(hours) 

(c.e.) 

weight 

157-5 

174-0 

1-87 

16-5 

10-5 

116-0 

137-5 

1-67 

21-5 

18-6 

135-0 

165-0 

0-93 

.30-0 

22-2 

88-0 

125-0 

2-11 

37-0 

42-0 

101-0 

123-5 

1-20 

22-5 

22-3 

79-5 

89-0 

2-70 

9-5 

11-9 

93-0 

108-0 

1-4G 

15-0 

16-1 


Performance of the heart in the re feat circulation heart-gill preparation. 

Before discussing the bearing of the experimental observations on the 
problem of the secretory activity of the gills, some mention shoxild be 
made of the performance of the heart in the repeat circulation heart-gill 
preparation. In the ordinary heart-gill preparation where fresh perfusion 
medium is supplied to the heart continually the heart beat, with the 
exception of a short period immediately following the operation, is 
extremely regular in rate. The cardiac olllp'it is also quite steady. Obser¬ 
vations made by one of us (A. K.) in Cop'^nhagen showed that it is 
quite usual for the heart rate to vary less than o p.c. for some hours, up 
to 10 hours in some cases, although the heart became obviously distended 
relatively early in the experiment. That the output is not so constant 
is not surprising in view of the fact that it was found that the output 
of the eel’s heart is extremely sensitive to slight changes in the ‘‘ venous” 
pressure at which the internal medium is supplied to it. For example, 
it was found that changes of less than 0-5 mm. Hg in venous pressure 
might double or halve the output, and a change of as little as 0-1 mm. Hg 
frequently had a measurable influence^. With these facts in mind the 

^ Note, however, that the optimal venous pressure for the heart-gill preparation is 
very low, being of the order of 3 mm. Hg [see Keys, 1931 a, p. 361], so that a change of 
0*1 mm. Hg amounts to over 3 p.c. of the total venous pressure. 
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performance of the heart under the conditions of the repeat circulation 
may be discussed. 

The repeat circulation experiments were always started as a single 
circulation, and repeat circulation not begun until the heart beat had 
become thoroughly strong and regular and the perfusate practically free 
of blood (usually about half an hour for the latter condition). Following 
the change over to repeat circulation signs of marked failure of the heart 
were usually apparent within the hour; in a number of cases the heart 
stopped completely in less than an hour and could not be revived by 
mechanical stimulation or warming. This could not have been due to 
lack of oxygen, as the perfusion medium was continuously aerated with 
air which was previously bubbled through a 1*5 metre column of per¬ 
fusion medium. Excess acidity due to the release of COg into the medium 
by metabolism is out of the question, as the medium maintains a pH 
of about 7*6 when in contact with an atmosphere containing 5 p.c. COg 
and very slowly tends to become alkaline when the partial pressure of 
carbon dioxide is less than this amount. 

The possible causes of this effect of the perfusate when reintroduced 
into the heart then seem to be reduced to the following: 

(1) Abnormal alkalinity due to the spontaneous shift in the medium 
in the alkaline direction associated with the slow dehydration of HgCOg 
[see Ahlgren, 1929; Keys, 1931 a, p. 359; Brinkman, Margaria and 
Roughton, 1931]. But perfusion medium which had been well shaken 
with air and allowed to stand for some hours before use did not affect 
the heart when passing through it for the first time. 

(2) Branchial embolism and resultant high back pressure on the 
heart due to coagulation of traces of blood washed out of the gills. But 
addition of heparine to the medium did not prevent the heart failure 
ensuing on several cycles of repeat circulation. Moreover, it was found 
that the heart could be almost completely revived by the introduction 
of fresh medium and would then maintain a high rate of perfusion. 

(3) Exhaustion of the glucose content of the medium. Sugar deter¬ 
minations (method of Hagedorn and Jensen) showed this not to be 
the case. 

(4) Change in the concentration of the inorganic salts in the medium. 
Calcium determinations (by the kindness of Miss E. Watchorn), as 
well as the chloride determinations and the vapour-pressure measure¬ 
ments, eliminated the probability of any appreciable effects from this 
direction. 

(5) Washing out of some essential substance from the heart muscle. 
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But this would be just as effectively accomplished by the single per¬ 
fusion arrangement. 

(6) Poisoning of the heart by some toxic substance or substances 
produced by itself or by the tissues of the gills. By the process of 
elimination this alternative would seem to be responsible. 

At present it seems only safe to conclude that some substance is 
produced by the heart or gills under the conditions of the perfusion 
which, when accumulated by repeat circulation, brings about early total 
failure of the heart. 

Discussion of the secretory activity op the gills. 

The results of the experiments in which the ventral aorta-gill pre¬ 
paration was perfused with repeat circulation answer the question asked 
on p. 226. Total osmotic concentration and chloride both decreased in 
approximately equal amount in osmotic terms during the passage through 
the gills bathed with sea water. The agreement between chloride and 
vapour-pressure determinations was within the experimental error in 
five cases, while only one of the seven experiments in this group yielded 
results in which there was a serious discrepancy. In this last case 
(experiment 6 b, Table I) vapour pressure increased to a considerably 
greater extent than was indicated by the chloride measurements, and 
repetitions of the analyses failed to reveal any error. 

The mean concentration change, calculated as mg. chloride trans¬ 
ferred from the internal to the external medium per hour per kg. of eel, 
was 8*2 from the chloride determinations and 7-4 from the vapour- 
pressure measurements. It should be remarked that the transformation 
of vapour pressure into mg. Cl" assumes that chloride is accompanied 
by a monovalent cation. Omitting experiment 6 b, the mean changes 
are 8*6 and 6*2 from Cl“ and vapour pressure respectively. 

Smith’s [1930J investigation of water and salt balance in eels in sea 
water indicates that calcium can hardly be eliminated from the gills. 
In two of the present experiments measurements of calcium concentra¬ 
tion were kindly made for us by Miss E. Watchorn; they indicated 
an increase of calcium content of the order of less than 1 p.c. of the 
initial calcium. It is clear that chloride was not eliminated in company 
with calcium, so that any chloride secreted must have been accompanied 
by sodium, potassium or hydrogen, the only other cations present. 

There was an indication that the vapour-pressure change might be 
slightly less than that which would have been expected from the con- 
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centration change of the chloride. This, as well as the behaviour of the 
calcium concentration, is what would be expected if the changes are 
brought about by means of secretion of a concentrated chloride solution 
from the gills. 

The results of these experiments are, then, in complete harmony 
with Keys’ previous experiments with the double perfusion heart-gill 
preparation and with Homer Smith’s conclusions with regard to the 
water and salt cycle in the normal intact marine teleost. Smith’s posi¬ 
tion is clear: “...it is inferred that the marine fish excretes by some 
extrarenal route a solution of NaCl and KGl which is hypertonic to 
the ingested sea water and thus leaves part of the absorbed water free 
for the formation of the osmotically dilute urine and intestinal residue” 
[Smith, 1930, p. 502]. Smith’s surmise that the gills may be involved 
in the extrarenal excretion has already been shown to be correct by the 
previous gill perfusion experiments; the present work reinforces the 
evidence. 

Comparison may be made between these experiments and the Copen¬ 
hagen experiments with the heart-gill preparation with regard to the 
net chloride secretion per hour per kg. of eel. In these terms the mean 
secretion observed here was roughly half that found in the previous 
work in which the same concentration of interna] perfusion fluid was 
used. There are several possible explanations of this difference. The eels 
used in the experiments reported here were less healthy than those used 
in Copenhagen and, also, were seldom so weU habituated to sea water 
before the experiment. Perhaps even more significant is the strong 
probability that toxic substances (metabolites?) are accumulated in the 
repeat circulation experiments. Single circulation experiments in this 
laboratory have indicated rates of chloride secretion similar to those 
obtained in Copenhagen, although low values were obtained occasionally. 

The experiments with the repeat circulation heart-gill preparation 
indicated a decrease in chloride concentration of the internal medium 
similar in amount to that observed in the ventral aorta-gill experiments, 
but the vapour-pressure measurements clearly showed an increase in 
total osmotic concentration. The first possible explanation of this pheno¬ 
menon which we considered was that the heart enriches the concentra¬ 
tion of the perfusate by adding to it the products of the metabolic 
degradation of the glucose in the perfusion fluid. To cause the observed 
increase in osmotic concentration relative to the chloride concentration 
at least 50 p.c. of the sugar would have to be broken down to lactic acid 
and carbon dioxide. We found, however, that there was either no change 
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or a very slight increase in sugar (reducing substance) concentration 
after repeated circulation through the heart-gill preparation. 

The behaviour of the heart in the repeat circulation experiments must 
be borne in mind. There was definite evidence that the heart was poisoned 
by some substance added to the circulating fluid from the tissues of the 
heart. If this hypothetical substance was also the cause of the increased 
osmotic concentration it must either be produced in relatively great 
quantity or be of small molecular weight. More probably the poisoning 
of the heart and the increase of osmotic concentration were brought 
about by different substances, but the alteration of permeability in the 
partially poisoned heart might bring about the osmotic effect. 

One outstanding fact remains clear: the gills themselves eft’e(‘t a total 
concentration change opposed to the concentration gradient which is 
roughly equivalent to the change in chloride concentration if the chloride 
is reckoned as NaCl and KCl. All doubts as to the need for the expen¬ 
diture of considerable amounts of energy by the gills bathed in sea water 
necessarily disappear. 

Thermodynamic calculation of the minimum work involved 
in the gill secretion. 

The estimation of the minimum thermodynamif^ work done in the 
secretory activity of the gill is made possil)le by the parallelism between 
chloride and total osmotic concentration. It is known that H", the work 
done in transferring 1 g. mol, of an ion, reversibly and isothermally, 
from a solution in which its concentration is C ^, to a more concentrated 
solution in which its concentration is is given by the formula: 

If = 2-303 Kriogjo .(1) 

where R = 1-985 in calories, T ^ absolute temperature, y, and are 
the activity coefficients of the ion in solutions of concentrations (7, and 
respectively, all concentrations being expressed as g. mol. per 1000 g. 
water. 

For a numerical calculation we may take data from Keys’ paper 
[1931 6, p. 370]. The experiment dated April 20 indicated that the gills 
secreted 0-31 c.c. of a solution containing 52 g. Cl per litre in a period 
of 2*5 hours, that is 0-124 c.c. per hour of a solution 1-50 molar in Cl or 
0-000186 g. mol. Ch. Transport of an equal amount of Na+ (or K-^) 
must be assumed. The molar concentration of Cl (and Na) was 0-197 
in the internal fluid and 0-537 in the external fluid, the corresponding 
activity coefficients being 0-752 and 0-689 [Lewis and Eandall, 1923, 
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p. 361] respectively. The work done, then, in the transport of 0*000186 g. 
mol. of NaCl at 288° K. (the experimental temperature) was 0*195 caL 

In addition to the NaCl, water was transported across the gills, but 
as the vapour pressure of water was lower in the external fluid, the work 
involved in the transport of water must be subtracted from the work 
done in the transport of NaCl. 

From the molar concentrations it is possible to calculate the weight 
and also the molar fraction of water, , in both fluids. In the internal 
fluid 


“ 55 - 2 + 0*4 ^‘ 993 , 


and in the external fluid 




650 

550+Tl 


= 0*980. 


By applying formula (1) to the values of on both sides of the mem¬ 
brane, it appears that the work done by the transport of 0*0065 mol. 
of water was 0*048 cal. The net work done in the secretion is therefore 
0*195 — 0*048 -= 0*147 cal. per hour. 

The gill tissue in eels of this size has been weighed in a number of 
cases and it amounts quite constantly to about 5 g. per kg. of eel when 
weighed wet after dissecting free from the gill bars. The total body weight 
of the eel in the above experiment was 153 g.^, and the wet weight of 
the gills may be put as 0*8 g., so that the work of secretion per g. of 
gill tissue per hour becomes 0*184 cal. 

Comparison with data from other experiments indicates that the 
secretion work done in the experiment above, although not unusual, 
may be somewhat higher than normal for this concentration of internal 
fluid. The water transport term is open to some uncertainty owing to 
the difficulty of the volume measurements, although the calculation of 
the water movement from the total volumes and chloride contents of 
the two systems at the beginning and at the end of the experiment 
[Keys, 1931 6, equation I, p, 372, equation II, p. 373] agreed closely 
with the observed w^ater movement. Making all due allowance for error, 
the minimum thermodynamic work required in the gill secretion appears 
to be between 0*1 and 0*3 cal. per hour per g. of gill tissue. 

Similarities between the activity of the sea-water fish’s gills and the 
mammalian kidney have already been pointed out by one of us (A. K.). 
It is of interest to compare the minimum thermodynamic work in the 
two cases. Borsook and Winegarden [1931] calculate the minimum 
secretion work of the “normal” human kidneys as 704 cal. per day. 

' The weight “453” g. on p. 370 of Keys’ paper is a misprint. 
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If we take the weight of the kidneys as 300 g. each, the work becomes 
0*049 cal. per hour per g. of kidney tissue. The amount of concentration 
work of the perfused eel gill would appear to be somewhat greater than 
that of the normal human kidney when equivalent amounts of tissue 
are compared, although no emphasis should be placed on this difference. 
The amounts of work done in the two cases are certainly of the same 
order. 

The most interesting result of the calculation of Borsook and 
Winegarden is the indication of the very low efficiency of the kidney. 
Taking the measurements of the oxygen consumption made by Bar croft 
and Straub [1910] the kidney secretion appears to be done with an 
efficiency of 1-2 p.c. Unfortunately there are as yet no data as to the 
efficiency of the eel gills. However, the possible cost of the gill secretion 
may be calculated in terms of oxygen consumption^. 

Taking a respiratory quotient of 0*80, the combustion of I c.c. of 
oxygen yields 4*8 cal., according to Lusk’s [1924] revision of the table 
of Zuntz and Schumburg. The oxygen equivalent of the caloric re¬ 
quirement calculated above for the secretion is then 

0*200 c.c. of oxygen per kg. of eel per hour. 

On the generous assumption of an efficiency of 30 p.c. this becomes 
0*67 c.c. Og per hour per kg., a not inconsiderable fraction of the total 
resting metabolism of the eel which Krogh [1904] found to be about 
30 c.c. Og per kg. per hour at this temperature. If the effi(*iency of the 
secretion activity of the gills is no greater than that of the human kidney, 
the oxygen consumption required for the gills alone may be 15 times as 
great, or 10 c.c. per hour per kg. In other words the secretion activity 
of the gills of the eel in sea water may account for between 2 and 30 p.c. 
of the total resting metabolism of the animal when the concentration of 
the internal medium going to the gills is fairly high. It is of interest to 
note that Schlieper [1929] concluded from his oxygen consumption 
measurements that the cost of maintaining the normal concentration 
of the body fluids in some homoio-osmotic marine invertebrates such as 
Carcinm represents a considerable fraction of the total resting meta¬ 
bolism. 

^ While in all probability the energy used in the secretion of the chloride is derived 
from oxidative processes in the gills, it is recognized that this may not bo the case, and 
accordingly these calculations do not necessarily relate to the oxygen consumption of 
the gills themselves. 
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Summary. 

Gill perfusion experiments involving repeated circulation were carried 
out on eels previously adapted to sea water. Apparatus and operative 
procedures are described for two types of preparation. Measurements 
were made of changes in the vapour pressure and the chloride concen¬ 
tration in the perfusion fluid circulating through the gills bathed ex¬ 
ternally in sea water. Observations were made of calcium and glucose 
concentrations in the perfusate and of cedema in the eel head. A thermo¬ 
dynamic calculation is made for the energy cost of the gill secretion. 
The principal results and conclusions are: 

1. The failure of circulation when the gills are perfused from the 
ventral aorta under constant pressure is due to the constancy of the 
pressure; when pulsating pressure is supplied from an artificial heart 
satisfactory perfusion may be maintained at a constant rate for 
hours. 

2. Under the conditions of repeated circulation of the heart-gill pre¬ 
paration the heart is gradually poisoned by some substance released 
from the tissues and accumulated in the perfusate. 

3. Chloride secretion in opposition to the concentration gradient is 
shown in the repeat circulation heart-gill preparation, but the chloride 
concentration change is not paralleled by a similar change in total 
osmotic concentration. This discrepancy is believed to be related 
to the peculiarity of the eel heart under the conditions of repeated 
circulation. 

4. The isolated gills in the ventral aorta-gill preparation with sea 
water outside bring about a decrease in the osmotic concentration of the 
internal medium, and this is explicable quantitatively by secretion of a 
concentrated chloride solution. 

5. The greater part of the loss of perfusion fluid in the various pre¬ 
parations is due to filtration into the tissues of the head and is measurable 
as oedema. 

6. The minimum energy cost of the gill secretion in the perfused gills 
bathed in sea water is of the order of ()•! to 0*3 cal. per g. of gill tissue 
per hour, and this may represent a considerable fraction of the total 
resting energy expenditure of the eel. 

7. In terms of g. of tissue the work done by the gills of the eel in 
maintaining the normal blood concentration in a sea water external 
environment is of a similar order to that done by the human kidney in 
its function of regulating the blood concentration. 
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8. The osmotic secretory activity of the gills is largely confined to 
the secretion of chloride and a monovalent cation, probably sodium, 
together with a small amount of water. 

Our best thanks are due to Prof. Joseph Barcroft for his stimu¬ 
lating interest in this work. 
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THE PORTAL CIRCULATION. 

I. The action of adrenaline and pituitary pressor extract. 

By JOHN McMICHAEL, Beit Memorial Research Fdlow. 

{From the Department of Medicine, University of Aberdeen,) 

For some time past the writer has been engaged in a study of the patho- 
logy of that ill-understood disease group commonly termed “splenic 
anaemia,” which is often associated with gross liver disease and marked 
circulatory disturbances in the liver. In the spleen, appearances were 
frequently present which gave evidence of haemorrhage at the point 
where the arterial capillaries of the spleen finally open into the pulp. Such 
haemorrhage was found to be associated with marked pathological 
changes in the splenic vein, suggestive of long-continued intravascular 
strain on this vessel, and clinically the patients frequently vomited blood. 
The general conclusion was reached that these haemorrhages in the spleen 
and stomach, with thickening of the splenic and portal veins, were the 
anatomical expression of increased pressure in the portal venous system 
[McMichael, 1931]. While the occurrence of such a raised pressure may 
be easily visualized in the presence of a shrunken and distorted liver, it 
was nevertheless obvious during this study that the changes described 
above occurred in the absence of gross cirrhosis. Indeed they were 
present in cases in which the liver, at the operation of splenectomy, ap¬ 
peared perfectly normal. It seemed clear then that the condition of 
“portal hypertension” which has been postulated to account for the 
appearances can occur in the absence of such gross and late changes as 
are found in a hob-nailed liver. 

Even in the presence of gross cirrhosis the etiology of the raised 
pressure in the portal system is as yet imperfectly understood. Herrick 
[1907] observed that the portal cirrhotic liver gave passage to an amount 
of portal flow in proportion to its weight, and that there was no ob¬ 
struction to the portal blood vessels from scar contraction in the large 
portal cirrhotic liver. On the other hand it was found that the portal 
pressure in cirrhosis was markedly influenced by the pressure at which 
fluid was passing into the liver through the hepatic artery. In the normal 
liver, alterations in the arterial pressure had little effect on the portal 
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pressure. In perfusion experiments on cirrhotic livers the addition of 
arterial inflow to the portal inflow markedly limited the latter, and for 
the portal flow to predominate, as in normal conditions, a portal pressure 
of 50 mm. Hg might be required. Me Indoe [1928], on the other hand, 
was unable to confirm these observations of Herrick. In the cirrhotic 
livers which Me Indoe studied, he found that the liver cells were practi¬ 
cally divorced from their portal blood supply and that the vessels appeared 
to run in the connective tissue bands between the islets of surviving liver 
cells. Slow obliteration of the porto-hepatic venous communications 
might occur here by scar contraction. 

Whatever the explanation of the portal hypertension in the late 
stage of the disease, and both authors may be partially correct at such 
a stage, it is quite clear that raised portal pressure occurring before 
‘‘cirrhosis” has appeared cannot be dependent on scar contraction. If 
portal hypertension is present in the early stages of liver disease it must 
depend more on an alteration of physiological conditions of the portal 
circulation than on gross anatomical changes. 

The approach to the problem of altered physiology in disease must 
be made through normal physiology, and here we find information on the 
normal circulatory conditions of the portal circulation deficient and 
inconclusive. 


The portal circulation presents a problem both from the anatomical and physiological 
{standpoints, and the conceptions of its intrahepatic anatomy must of necessity influence 
our interpretation of the vaso-motor reactions in this system. It is obvious that there must 
exist some mechanism whereby the pressure in the hepatic artery is reduced to a level equal 
to that in the portal system when the two blood streams meet and mix in the sinusoids of 
the liver lobule. Some of the earlier physiological observers, e.g. Burton Opitz [1912], 
and Macleod and Pearce [1914], seemed to accept the work of Gad [1873], who con¬ 
sidered that the hepatic arterial and portal venous streams met by a vascular connection 
at an acute angle whereby a wedge-shaped flap valve was formed at the angle of union. This 
flap was said to shift in accordance with the pressure brought to bear on its sides, so that 
an increased flow of blood through the hepatic artery would limit the flow of blood through 
the portal vein. 

This view, however, is not in keeping with the bulk of the anatomical evidence. Kier- 
nan [1833] studied the intrahepatic distribution of the hepatic artery, and concluded that it 
subdivides into branches which supply the bile ducts, the walls of tlie portal veins and the 
tissues of the jxirtal tracts (capsular branches, P'ig. 1). From the capillary network thus 
formed, collecting venules gather the blood into the portal veins. These small intrahepatic 
radicles of the portal vein are termed internal hepatic radicles (Fig. 1). This work of 
Kiernan received authontative supjiort from the researches of Cohnheim and Litten 
[1876], Pfuhl[1922], Boeffler [1927], and Cameron and Mayes [1930]. Loofflerdraws 
attention to the fact that the blood supply to the intrahepatic bile ducts corresponds in 
its anatomical arrangements to the vascular supply of the gall bladder, which develops as 
a diverticulum of the bile ducts. 
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Cameron and Mayes admit, however, that an occasional small branch of the hepatic 
artery may pass directly into the liver sinusoids, and Olds and Stafford [1930] maintain 
that such branches constitute the main mode of distribution of the hepatic artery. If such 
branches are given directly to the lobule they must be of the nature of very fine arterioles 
to achieve a reduction of the pressure in the hepatic artery to a level corresponding to that 
in the portal vein. 

The prevailing views of the French workers in this field are summarized in Poirier and 
Charpy’s treatise [1905]. While accepting Kiernan’s views, occasional small branches 
are described which pass directly to the liver lobule. The capsular branches of the hepatic 
artery, after supplying the structures in the portal tracts, terminate not only in the internal 



Fig. 1. Diagram of the hepatic and portal circulation. The dotted lines represent capillaries. 
Of the intrahepatic branches of the hepatic artery, the lobular branches are the least 
numerous and the smallest. 

Ao. aorta. BJ). bile duct. C.B. capsular branches. Gl.C. Glisson’s capsule, 
hepatic artery. //. V, hepatic vein. IMJi, intemal hepatic radicle of Kiernan. 
Int. intestine. L.B. lobular branch. L./>. liver lobule. P.V. portal vein. R.P.V, radi¬ 
cular portal vein (Ferrein). superior mesenteric artery. S.M.V* superior 

mesenteric vein. N.F. splenu" vein. 

hepatic radicles, but also link up with small veins wliich pass directly into the liver lobule 
without joining the portal vein. These small radicular portal veins were apparently 
discovered by Ferrein [1749], 

These anatomical communications do not appear to have been considei'ed in studies ol 
the physiology of the portal blood flow. Clark [1928] and Bainbridge and Trevan 
[1917], for example, assumed that there were no tnie capillaries in the liver, while othei 
writers do not commit themselves to any definite opinion. 

The importance of keeping these anatomical considerations in mind 
cannot be over-emphasized in the study of the hepatic circulation. In 
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perfusion experiments on the isolated liver it is well known that, after 
about half an hour, the pressure in the portal vein must be raised to a level 
comparable to that in the hepatic artery, in order to maintain a flow 
through the organ. This suggests a free anastomosis between the two 
systems. This anastomosis may take place by three possible routes: 

(а) Via the lobular arterioles through the sinusoids at the periphery 
of the lobule. 

(б) Via the capsular branches through radicular portal veins (Fer- 
rein), and the peripheral sinusoids of the lobule. 

(c) Via the capsular branches through the internal hepatic radicles 
of the portal vein (Kiernan). 

It is difficult to simplify this statement further for the purpose of 
physiological considerations. One fact, however, is of paramount im¬ 
portance : an arteriolar system is a theoretical necessity in order to reduce 
the great arterial pressure of the hepatic artery to a level equal to that 
in the portal vein, for these pressures must be equal when the two streams 
reach the hepatic sinusoids. The balance of anatomical evidence is in 
favour of a capillary communication between the hepatic artery and the 
portal vein. Whether the capillary communication is physiologically 
important will be considered in this paper. 

Keeping this knowledge of the hepatic circulation in mind, we ap¬ 
proach the problem of the portal circulation from a new aspect. We con¬ 
ceive of the portal venous system as having an outlet through the liver 
sinusoids and being fed with blood from the mesenteric arteries in the 
periphery, and also having a central inflow from the internal hepatic 
radicles inside the liver. This central inflow joins the portal ramifications 
immediately before the point at which the portal blood passes into the 
liver sinusoids. Just beyond this point the portal stream is joined by a 
further inflow from the lobular arterioles and the radicular portal veins. 

The object of the work to be detailed in this paper is the elucidation 
of the effect of various vaso-motor reactions in the liver on the portal 
venous pressure, and if possible to form an estimate of the relative im¬ 
portance of the routes of anastomosis described between the hepatic 
artery and the portal vein. 

Technique and methods. 

Cats were used throughout the experimental work, anaesthetized with 
luminal (0-2 g. per kg. intramuscularly), or with ohloralose (0*1 g. per kg. 
injected into the intestine after the cat had been anaesthetized with 
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ether). There was no difference in the arterial or venous blood-pressure 
reactions with these two drugs, but with the latter the arterial pressure 
was more satisfactorily maintained. The arterial pressure was recorded 
from the carotid artery in mm. Hg. The portal pressure was recorded 
from the stump of the splenic vein, the spleen having been removed. At 
first it was recorded with carbon tetrachloride in the manometer (s.G. 
1*68). In the later experiments when technical difficulties regarding 
floats for the manometer had been overcome, a 5 p.c. solution of sodium 
citrate in water was used to fill the recording system. A very satisfactory 
water manometer for ordinary purposes was made by C. F. Palmer, Ltd., 
after the model suggested by Thompson [1930], for taking continuous 
blood-pressure records. A more delicate and accurate instrument was 
constructed for this work by Mr Fraser of the Natural Philosophy De¬ 
partment, Aberdeen University. Once the cannulae were in position and 
the pens writing on the drum, the abdomen was closed as far as the 
requisite manipulations would permit. The component vessels of the 
portal circulation were rendered easily available by loops of thread passed 
round them, so that they could be clamped or otherwise obstructed at 
any time during the experiments. 

The possible complicating influence of the return of blood from the 
stomach to the portal vein was excluded by ligaturing the gastro¬ 
duodenal branch of the hepatic artery. This procedure cut off the main 
blood supply to the stomach. The only other tributary of the portal vein 
outside the liver is the cystic vein; this is so small as to be practically 
negligible. In one critical experiment, however, the cystic vein, too, was 
ligatured. 

For the liver-volume observations a plethysmograph of the type 
suggested by Griffith and Emery [1930] was used, connected to a 
McDowall volume recorder. 

Component factors maintaining portal pressure. 

In agreement with other investigators in this field, the blood-pressure 
in the portal system in cats was found to be on the average about 
80-100 mm. water or 50-60 mm. carbon tetrachloride. The pressure 
undergoes fluctuations with respiratory movements. 

It rises during inspiration and falls on expiration. According to Schmid [1909] these 
variations are due to changes in intra-abdominal pressure. They are not due to respiratory 
alterations in vena caval pressure near the heart, as these changes take place in the op¬ 
posite direction, t.f. a rise during expiration and a fall on inspiration. The fluctuation is not 
due to the transmission of pressure from the arteries, for the respiratory change in pressure 
in the latter does not coincide absolutely with the respiratory movements, as the portal 



246 


J. MoMICHAEL. 


pressure does. Since the fluctuations are present when the abdomen is open the intra* 
abdominal pressure cannot be entirely responsible for the change. When the portal vein 
was guarded against direct pressure from the movements of adjacent viscera, e.g* the duo¬ 
denum, the respiratory fluctuations were still present. It would appear, therefore, that 
under the present experimental conditions the factor responsible for the respiratory fluctua¬ 
tions may possibly be the downward movement of the diaphragm. This would produce a 
simple mechanical effect, the descending midriff gently squeezing the liver and causing a 
temporary obstruction to the hepatic circulation. 



Fig. 2. Upper record: portal pressure. Lower record: arterial pressure. Chloralose anaes¬ 
thesia. Hepatic artery clamped at the first arrow. This reduces the portal pressure 
by 16 mm. water. At the second arrow the mesenteric vein was clamped. The portal 
pressure is further reduced by 28 mm. water, but is still maintained at a relatively 
high level. The injection of adrenaline into the saphenous vein has no effect on the 
portal pressure until the arterial pressure has begun to fall. The slight rise in portal 
pressure is probably effected by increased inflow through collateral arterial channels 
from the bare area of the diaphragm. The removal of the clamps from the vessels 
allows the portal pressure to return to a high level. 


By producing a simple obstruction of the various component vessels 
of the portal circuit various efEects are obtained. Clamping the superior 
mesenteric artery or vein cuts off the splanchnic inflow and leads to an 
immediate fall in portal pressure by some 30-40 mm. water. The pressure, 
however, does not fall to zero and a pressure of 50 mm. water is maintained. 
As the only remaining inflow to the liver after this procedure is the he¬ 
patic artery it would appear that the latter pressure is maintained, in 
part at least, by a transmission of pressure from the hepatic artery to the 
portal vein (Figs. 2 and 5). 
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In comparison with the effect of clamping the mesenteric vessels, 
obstruction of the hepatic artery alone causes a slighter fall in portal 
pressure, usually amounting to 15-25 mm. water (Figs. 2 and 4). This is 
not surprising, for as Macleod and Pearce have shown, the hepatic 
artery brings about one-fourth to one-third of the blood which flows 
through the liver. Grab, Janssen and Rein [1929] estimate the pro¬ 
portion at much less—about one-sixth. Three-quarters or more of the 
blood flowing through the liver, therefore, comes from the mesenteric 
vessels. Obstruction of the hepatic artery thus only cuts off a minor part 
of the inflow and the pressure is well maintained, although at a slightly 
lower level, by the mesenteric portal flow. It appears from this that under 
normal conditions the main driving force of the portal system is vis a tergo 
from the mesenteric arteries. But since the pressure in the intact portal 
circuit is about 80 mm. water, and occlusion of both the hepatic and 
mesenteric components fails to reduce that pressure by more than half 
(Fig. 2), we must assume that there is a resistance to the portal flow 
beyond the point of entry of the internal hepatic radicles of the portal 
vein. This resistance may be offered in the sinusoid bed of the liver, but 
the degree of constriction of the portal ramifications in the liver before 
they enter the sinusoids, and of the sublobular venules, may influence 
the rate of escape of blood from the portal system. This hepatic resistance 
has the effect of reducing the portal pressure to the zero level which 
Bayliss and Starling [1894] recorded as being present at the point at 
which the hepatic veins join the vena cava. 

The effects of adrenaline and pituitary pressor extract 

ON THE PORTAL BLOOD-PRESSURE. 

1. Adrenaline, 

This drug was used in quantities of 0*5 c.c. of a 1 in 10,000 or a 1 in 
20,000 solution given intravenously. The former strength was used 
where the animals were ansesthetized with luminal, while the latter was 
given when chloralose was used. The injections were given into the 
saphenous vein usually, but for some special purposes they were made 
intraportally. The exact mode of administration is indicated on the 
tracings or in the legends. 

By injecting adrenaline into a systemic vein a rise in portal pressure 
is produced. This begins about 7 sec. after the arterial pressure has 
started to rise, and it continues for several seconds after the arterial 
pressure has passed its summit (Fig. 3). The portal pressure rise has thus 
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two phases: the first occurring while the arterial pressure is still rising, 
and the second while the arterial pressure is falling. As will be shown 
later (Fig. 7), the rise in portal pressure after intraportal adrenaline begins 
immediately. We may assume therefore that the interval of 7 sec. be¬ 
tween the onset of the rise of arterial pressure and that of the portal 
pressure is due to a delay in adrenaline reaching the portal system. It 
reaches the arteries before the veins and the effect of the drug is therefore 
first manifested on the arterial pressure record. The rise in pressure thus 
produced in the portal system may be due either to an increased inflow 
into the mesenteric or hepatic radicles of the portal vein, or to an ob¬ 
struction to the outflow through the hepatic branches, or to a combina- 



Fig. 3. Upper record: carotid pressure. Lower record: portal pressure (recorded in carbon 
tetrachloride). Luminal anaesthesia. At the arrow 1 c.(‘. 1/20,000 adrenaline injected 
into the saphenous vein. The carotid pressure begins to rise about seven seconds 
before the portal pressure. The portal pressure, however, continues to rise while the 
arterial pressure is falling. 

tion of both. In comparison with alterations in inflow and outflow, con¬ 
striction of the main trunk of the portal vein as a whole is not likely to 
occur to such a degree as to exert any marked effect on the portal 
pressure. This factor was ruled out by experiment (p. 254). 

The rmisenteric component. 

If the portal vein is occluded partially by means of a ligature applied 
near the hilus of the liver, the portal outflow is so obstructed that the 
pressure sets itself at a higher level and alterations in pressure in the 
portal vein, dependent on intrahepatic effects of adrenaline, are prevented 
from manifesting themselves on the portal pressure record. By clamping 
the hepatic artery and thus preventing adrenaline from reaching the liver, 
the intrahepatic effects can also be abolished. 

Under these circumstances the injection of adrenaline is followed by 
an immediate fall in portal pressure, which begins as soon as the arterial 
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pressure starts to rise. The moment that the arterial pressure passes its 
summit, however, the portal pressure begins to rise again and reaches its 
height about the time that the arterial pressure returns to normal (Fig. 4). 

Thus when the hepatic component is excluded from the recording 
system the rise in portal pressure is delayed. Since the only factor which 
can influence the portal pressure from the peripheral mesenteric radicles 
is the i n f 1 o w of blood into the system, we assume that the inflow through 
the mesenteric capillaries is first diminished and then increased. Clark 



Fig. 4, Upper record: portal presHure. Lower record: arterial pressure. Luminal ana^s* 
thosia. At the first arrow the hepatic artery w'as clamped. At the second 0*5 c.c. 
1/10,0(K) adrenaline was injected into the saphenous vein. As the arterial pressure 
rose the portal pressure fell. When the arterial pressure passed its peak, however, a 
rise in portal pressure began. 


has measured the flow from the mesenteric veins under similar experi¬ 
mental conditions, and finds that under adrenaline the flow diminishes 
until the arterial pressure lias passed its peak “when an obvious increase 
occurs which returns to the original rate as the pressure falls.” The same 
observer states that “the fact that the outflow falls when the blood- 
pressure is at its highest indicates that the constriction of the intestinal 
vessels is sufficiently intense to prevent the high pressure forcing more 
blood through the vessels....This constriction, however, lasts a very short 
time and is rapidly overcome by the blood-pressure.” These observations 
and views have been confirmed by the writer, using Clark’s method of 
measuring the flow from a mesenteric vein by counting the drops. It 
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appears obvious, therefore, that during the initial stage the portal 
pressure falls from diminished inflow, due to the active constriction of the 
mesenteric arterioles. When this constriction passes off and the arterial 
pressure begins to fall there occurs an increased inflow of blood into the 
portal system. This increased inflow is facilitated by a dilatation of the 
arterioles and capillaries of the gut. Such capillary dilatation has been 
demonstrated by Clark, who considers it to be a passive phenomenon 
dependent on the increased pressure produced by adrenaline. 



Fig. 5. Fig. 6. 


Fig. 6. Upper record: portal pressure. Lower record: carotid pressure. Luminal anaes¬ 
thesia. At the first arrow the superior mesenteric artery was clamped. The injection 
of adrenaline into the saphenous vein then causes a rise in portal pressure beginning 
a few seconds after the arterial pressure has begun to rise. The portal pressure is still 
rising when the arterial pressure has begun to fall. 

Fig. 6. Upper record: portal pressure. Lower record: carotid pressure. Luminal anaes¬ 
thesia. The superior mesenteric vein was clamped at the first arrow. The injection 
of adrenaline into a systemic vein then causes the arterial pressure to rise, followed 
in a few seconds by a rise in portal pressure. The rise in portal pressure continues 
when the arterial pressure has passed its peak. 


The he/patic component. 

Having shown that the second phase of the adrenaline rise in portal 
pressure is due in the main to an increased inflow into the system from 
the dilating mesenteric arterioles, it may be assumed that the first phase 
is due to an intrahepatic effect. This seems to be the case. If we occlude 
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the return of blood from the mesenteric vessels, by clamping either the 
superior mesenteric artery or vein, the injection of adrenaline produces 
a rise of portal pressure which begins some 7 sec. after the arterial pressure 
has begun to rise. There is thus a short latent period exactly correspond¬ 
ing to that occurring with the portal circulation intact. The rise in portal 
pressure continues for some seconds after the arterial curve has passed 
its peak (Figs. 5 and 6). 

This rise of pressure in the portal system occasioned by the action of 
adrenaline in the liver may result from any of the following causes: 

(1) A venous effect: {a) By constriction of the intrahepatic ramifica¬ 
tions of the portal vein beyond the point at which they receive the 
internal hepatic radicles. 

(b) By constriction of the radicles of the hepatic vein. 

(2) A hepatic effect proper: Obstruction of the sinusoids either by 

(а) Swelling of the liver cells, or 

(б) Constriction of the liver as a whole by contraction of plain muscle 
in the capsule of Glisson, narrowing the sinusoids. 

(3) An arterial effect: By transmission of pressure from the hepatic 
artery into the portal vein. 

The injection of adrenaline into the portal vein itself produces an 
immediate rise in portal pressure which precedes slightly the rise in 
arterial pressure (Fig. 7). The adrenaline reaches the liver before it 
reaches the systemic circulation and thus its hepatic effect appears slightly 
before the systemic effect. Having reached a certain level a small plateau 
is seen on the portal pressure curve, and a few seconds later, when the 
arterial pressure passes its peak, a secondary rise appears. Since this 
latter rise occurs at the same time as the rise resulting from an increased 
inflow through the mesenteric arterioles, it might be expected to be due 
to a similar effect, i.e. an increased inflow into the portal system through 
dilating arterioles. This is the explanation, but the arterioles are not 
those of the mesenteric, but those of the hepatic artery. This is shown by 
repeating the experiment with the hepatic artery occluded (Fig. 7), when 
it is seen that the initial hepatic rise still persists, but the secondary rise 
is almost negligible and is longer delayed than in the first experiment. It 
is noteworthy that the adrenaline effect on the systemic circulation after 
intraportal injection is much less than the effect produced by injection 
into a systemic vein. It would appear that the adrenaline is held up or 
altered in some way in the liver, so that a relatively smaller dose is passed 
on to the systemic circulation. In this way the mesenteric effect is also 
a minor one and only causes a slight rise in the portal pressure after the 
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arterial pressure has passed its peak. It is possible that this slight 
secondary rise may also be in part explained by a slight blood flow into 
the liver through collateral arterial channels from the bare area of the 
diaphragm (cf. Fig. 2). In any case the main fact remains that the oc¬ 
clusion of the hepatic artery abolishes almost completely the secondary 
rise in portal pressure following the intraportal injection of adrenaline. 

That the hepatic artery plays an important role in producing the 
hepatic part of the rise of portal pressure after adrenaline is further 



Fig. 7. Upper record; portal pressure. Lower record: arterial pressure. Luminal ana*s- 
thesia. At the first arrow 0*5 c.c. 1/10,000 adrenaline injected intraportaUy. The 
portal pressure rises before the arterial pressure, and a secondary rise of portal pressure 
begins as the arterial pressure passes its peak. At the second arrow the hepatic 
artery was clamped. The intraportal injection of adrenaline was repeated, but the 
secondary rise in portal pressure was abolished. 


illustrated by the following experiments. If the mesenteric component 
is removed from the circuit by clamping the mesenteric vessels, and 
adrenaline is injected into a systemic vein, the portal venous pressure 
begins to rise, as we have seen previously (Fig. 6). While this rise is 
occurring, obstruction of the hepatic artery will produce an immediate 
trough in the curve of portal pressure. A very slight rise follows the 
trough which may be due to leakage through collaterals mentioned above 
(Fig. 8). 

Fig. 9 shows the tracings of arterial and portal venous pressures ob¬ 
tained from a cat which had been subjected to removal of all the ab¬ 
dominal viscera with the exception of the liver. The portal pressure was 
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recorded by means of a cannula inserted into the stump of the portal 
vein. Under these circumstances the only inflow into the liver is through 



Fig. 8. Fig. 9. 


Fig. 8. (This record was taken from the same cat as Fig. 6.) Upper record: portal pressure. 
Lower record: arterial pressure. Luminal aiiiesthesia. The superior mesenteric vein 
was clamped at the first arrow. At the second arrtiw adrenaline was injected into 
the saphenous vein. During the first phase of tlie adrenaline rise in portal pressure, 
the hepatic artery was clamped. This procedure abolished all further rise in portal 
pressure for the time being, and the expected pi'ak (of. Fig. 6) was replaced by a trough. 

Fig. 9. Upper record: carotid pressure. Lower record: portal pressure. Cat amesthetizod 
with luminal, fn this cat the abdominal viscera had been removed with the exception 
of the liver. The injection of adrenaline into a systemic vein had no effect on the 
portal pressure until the arterial pressure had passed its peak. The rise in portal 
pressure then occurring is due to an increased inflow through the hepatic artery. 

In this preparation the blood-pressure was falling rapidly, and the animal died a 
few minutes later. 

the hepatic artery. The injection of adrenaline into a systemic vein has 
no effect on the portal pressure until the arterial pressure has passed its 
peak. At this point an immediate rise of portal pressure is seen. This rise 
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could only occur by a transmission of pressure from the hepatic artery 
into the portal vein by increased inflow through dilating arterioles. It is 
worthy of note that this preparation was failing, and it is probable that 
considerable vaso-constriction of the hepatic artery was present before 
adrenaline was injected. This would so limit the inflow to the liver that 
adrenaline would not reach the portal vein, and hence no initial rise in 
portal pressure would occur. The rise only began when the hepatic 
arterioles were dilating with the fall in arterial pressure. With marked 
constriction of the hepatic artery limiting the flow through it, the portal 
pressure was still maintained at 15-20 mm. water. This pressure must 
have been due to the resistance offered by the tone of the portal venous 
ramifications and the radicles of the hepatic vein. The reason for assuming 
pre-existing splanchnic vaso-constriction in the failing preparation will 
be elaborated later (p. 257). 

The above facts present evidence which suggests very strongly that 
the second part of the hepatic component of the adrenaline rise in portal 
pressure is due to an increased inflow into the portal vein from the 
hepatic artery. How this increased inflow occurs, and the possible in¬ 
fluence of intervening capillaries, will be discussed when we consider the 
action of pituitary pressor extract. 

The first phase of the adrenaline rise in portal pressure. 

The initial part of the adrenaline rise in portal pressure which occurs 
while the arterial pressure is rising is still unexplained. There can be no 
doubt that it is an immediate direct effect on the venous or sinusoidal 
bed of the liver, for it precedes the arterial effect after intraportal 
injection. 

It is conceivable that the action of adrenaline in producing the initial 
rise in portal pressure after intraportal injection might be due to a 
diminution in the calibre of the main trunk of the portal vein itself. To 
test this possibility the portal vein was partly obstructed by a ligature 
so as to delay the entry of adrenaline into the liver after intraportal in¬ 
jection. This procedure also set the portal pressure at a high level which 
would not be influenced by any change in the calibre of the minute rami¬ 
fications of the portal vein in the liver. Under these circumstances the 
intraportal injection of adrenaline was not followed by any rise in portal 
pressure. The injection of vasopressin under similar conditions produced 
a slight rise in portal pressure presumably due to contraction of the plain 
muscle in the wall of the vein. We assume, therefore, that with the doses 
of adrenaline used no appreciable effect is produced on the wall of the 
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portal vein so far as its main trunk is concerned. This, however, does 
not exclude an intrahepatic effect of adrenaline on the portal rami¬ 
fications. 

The only method by which the cause of the initial rise of portal pressure 
can be settled is that of plethysmography. The interpretation of the 
results of liver plethysmography has given rise to considerable difficulty 
and confusion in the past. Bainbridge and Trevan [1917] considered 
that the liver volume increased under the influence of adrenaline, and 
they ascribed this increase to a swelling of the liver cells. They stated that 
the action of adrenaline in causing a rise in portal blood-pressure could 
be simulated by the injection of distilled water into the portal vein. Dis¬ 
tilled water would cause a swelling of the liver cells and thus the sinusoids 
would be obstructed. The writer has been unable to confirm this ob¬ 
servation. 

Clark [1928], on perfusing the excised liver, found that adrenaline 
caused a diminution of liver volume. Edmunds [1916] found that the 
action of adrenaline on the liver volume varied even in animals of the same 
species. The effect could be standardized to some extent by occluding the 
hepatic artery, after which adrenaline caused an increase in the volume 
of the liver. Edmunds is in favour of the view that adrenaline constricts 
the sublobular hepatic veins. FranQois-Franc k and Hallion, in 1896, 
observed that stimulation of the splanchnic nerves caused a diminution 
in liver volume even after ligature of the hepatic artery. This would 
suggest in contrast to E d m u n d s that the main site of action of adrenaline 
is on the portal venous ramifications. 

During the past year valuable work has been done on this subject by 
Emery and Griffith [1930-31]. They present incontrovertible evidence 
that the hepatic nerves act on the portal ramifications. Adrenaline pro¬ 
duces a diminution of liver volume similar to that occurring with stimu¬ 
lation of the splanchnic nerves. If the preparation was failing and the 
blood-pressure low, then the volume of the liver increased with adrenaline. 
Otherwise the initial effect of adrenaline was always a diminution in the 
volume of the liver. 

This work carries conviction in that the experiments were carried out 
with the liver in situ in the ansesthetized animal, and thus the criticisms 
which can be directed against observations made on the excised organ are 
countered. 

The writer has repeated the experiments of these observers so far as 
adrenaline is concerned, and finds himself in entire agreement with their 
main findings. 
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When adrenaline is injected into a systemic vein the liver volume 
diminishes markedly a few moments after the arterial pressure has begun 
to rise. As soon as the adrenaline effect begins to pass off the liver volume 
again increases (Fig. 10). 



Fig. 10. Upper record: liver volume. Lower record: carotid pressure. Chloralose anses- 
thesia. Arrows mark corresponding times on the two curves. Following the injec¬ 
tion of 0*5 c.c. 1/40,000 adrenaline into the saphenous vein the arterial pressure begins 
to rise, and almost immediately afterwards the liver volume diminishes markedly. 
The liver begins to swell again as the arterial pressure begins to fall. 

It is obvious that an initial constrictor action of adrenaline on the 
sublobular hepatic veins would cause an increase in liver volume from 
retention of blood in the lobules. As this does not occur the initial venous 
effect of adrenaline must be on the portal ramifications. This view is con¬ 
firmed by the fact that the intraportal injection of adrenaline brings 
about a diminution of liver volume before the adrenaline effect is mani¬ 
fested on the general circulation (Fig. 11). 
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When the preparation is failing, as Emery and Griffith have also 
noted, there is little or no alteration in the liver volume while the arterial 
pressure is rising after intravenous adrenaline. As soon as the pressure 
begins to fall, however, an increased inflow occurs through the dilating 
splanchnic arterioles and the liver volume increases. If a second in¬ 
jection of adrenaline be given at this time the volume of the liver 
diminishes with the rise in arterial pressure, and again increases as the 
pressure falls (Fig. 12). 



Fig. 11. Upper record; liver volume. Lower record; carotid pressure. Chloralose ames- 
thesia. The intraportal injection of 1 c.c. 1 /20,000 adrenaline leads to an immediate 
diminution in liver volume. Some seconds later the carotid pressure begins to rise. 
The fall in liver volume is due to constriction of the ramifications of the portal vein. 

Intraportal injection in the failing preparation gives a similar result. 
There is no effect on the liver volume until the splanchnic arterioles 
dilate, when an increase of volume occurs. A second intraportal injection 
then causes the liver volume to decrease. 

These variations in the action of adrenaline on the liver volume re¬ 
quire further elaboration. Reid Hunt [1918] made similar observations 
and noted that the animals which responded to adrenaline with an ex¬ 
pansion of the liver appeared to be in a condition somewhat analogous 
to experimental shock. He says: “May not one of the features of ex¬ 
perimental shock be a change in the blood-vessels of the liver such that 
they can no longer respond with a contraction to epinephrin,..? The 
expansion of the liver after epinephrin appeared to be passive; it was 
accompanied by a marked contraction of the leg....’’ 
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The fact that no alteration takes place in the volume of the liver of 
the failing preparation until the splanchnic arterioles dilate may have 
two possible explanations: 

(1) The liver sinusoids are already practically empty of blood, so that 
further constriction of the inflow cannot cause any diminution of the 
volume. 

(2) The inflow to the liver is already so restricted by splanchnic vaso¬ 
constriction that adrenaline cannot cause any further vaso-constriction. 



Fig. 12. Upper record: liver volume. Lower record: carotid pressure. Chloralose anaes¬ 
thesia. Between the first two alignment marks 10 c.c. blood were withdrawn from 
the femoral artery into a heparinized syringe. Between the second pair of alignment 
marks this blood was reinjected into a saphenous vein. Subsequent injection of adrena¬ 
line into the saphenous vein caused no diminution in liver volume, but after the 
arterial pressure had begun to fall an increase in liver volume occurred. Note that the 
blood pressure was 70 mm, Hg when this injection of adrenaline was given. A second 
injection of adrenaline, however, caused a diminution in liver volume followed by an 
increase, as in the healthy preparation. Adrenaline fails to reduce the liver volume 
to the same degree as haemorrhage. 

The first hypothesis can be discounted, for we find that it is possible 
further to diminish the liver volume in such a failing preparation, e.g, by 
bleeding the animal. This is shown in Fig. 12. The second suggestion is 
probably nearer the truth, and is in accordance with Reid Hunt’s 
theory. The record of portal pressure under the influence of adrenaline in 
a failing preparation shows neither the effect of diminished inflow 
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through the hepatic artery, nor any constrictor effect of adrenaline on 
the portal vein during the initial part of the rise in arterial pressure 
(Fig. 9). That the splanchnic vessels are not merely refractory to adrena¬ 
line is seen by their response to the second injection of adrenaline in 
Fig. 12. It would thus appear that considerable splanchnic vaso-con- 
striction is present in a failing preparation. This may also explain the 
fact that although the arterial pressure may fall considerably from the 
level recorded at first, the portal pressure remains practically unaltered, 
for general splanchnic vaso-constriction would also cause constriction of 
the portal ramifications in the liver. 

If this hypothesis is correct, it follows that the rise of blood-pressure 
from adrenaline in the animal with a low blood-pressure occurs by con¬ 
striction of the blood vessels of the limb muscles and of the skin. This 
again is in accordance with Hunt’s view. Vaso-constriction is already 
present in the splanchnic area and these vessels are only relaxed by 
the vaso-dilator impulses which bring about the fall in pressure after 
adrenaline. 

The initial effect of adrenaline therefore is on the portal venous rami¬ 
fications, where it causes veno-constriction. In the failing preparation 
this action may be masked by pre-existing vaso-constriction in the 
splanchnic area, 

II. The action of pituitary pressor extract. 

Vasopressin, injected into the systemic veins, produces a fall in portal 
pressure. This effect is due to the fact that vasopressin acts mainly on the 
capillaries and increases their tone [Clark, 1930; Krogh, 1929; Carrier, 
1922]. As a result of this increase in capillary tone, the inflow of blood 
into the portal system is diminished and the pressure falls (Fig. 13). As 
Clark has noted, sometimes the portal pressure fails to recover its 
previous height after the injection of vasopressin. This effect is clearly 
shown in Fig. 14. Clark ascribes this to the fact that during the intra¬ 
abdominal manipulations there has been some loss of capillary tone which 
is restored by the injection of vasopressin and which remains after the 
effect of vasopressin on the arterial pressure has passed off. The action of 
the first dose is always much more marked than that of subsequent doses. 
When the mesenteric vessels are excluded from the portal circuit, the 
injection of vasopressin produces a further fall in portal pressure exactly 
comparable to that occurring with the portal circulation intact (Fig. 15). 
As this observation is exceedingly important, special care was taken to 
exclude all extra-hepatic communications between the hepatic artery and 

17—2 
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the portal vein, by ligaturing the cystic vessels from the gall bladder and 
the coronary vein from the stomach. 

This record is in marked contrast to the action of adrenaline imder 
similar circumstances. As the arterial pressure passes its peak there is 
no rise of portal pressure comparable to that occurring with adrenaline. 



Fig. 13, 14, 

Fig. 13, P;Upper record: carotid pressure. Middle record: portal pressure. Lower record: 
vena caval pressure recorded from the renal vein. Chloralose anaesthesia. The injection 
of vasopressin into the saphenous vein leads to a rise in arterial pressure, accompanied 
by a simultaneous fall in portal pressure. The vena caval pressure remains practically 
unchanged. 


Fig. 14. Upper record: arterial pressure. Lower record: portal pressure. Luminal anaes¬ 
thesia. The injection of vasopressin into the saphenous vein leads to a fall in portal 
pressure occurring simultaneously with the rise in arterial pressure. The portal pressure 
fails to recover its original level as the arterial pressure falls again. 


The action of vasopressin on the communication between the hepatic 
artery and the portal vein is exactly similar to the action of the drug via 
the mesenteric vessels. Therefore there must exist a capillary system 
between the hepatic artery and the portal vein inside the liver. It is un¬ 
likely that the liver sinusoids, with their incomplete lining, constitute 
a capplary system reacting like that in the intestinal wall. From this 
experiment we must assume that there is a closed capillary com- 
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mumcation between the hepatic artery and the portal vein in the portal 
tracts. 

This assumption is further supported by the experiment shown in 
Fig. 8. During the venous part of the adrenaline rise of portal pressure, 
obstruction of the hepatic artery immediately abolishes any further rise 
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Fig. 15. Upper record; portal pressure. Lower record; carotid pressure. Chloralose anaes* 
thesia. In this experiment special care was taken to ensure that there was no possible 
extrahepatic inflow into the portal vein, by ligaturing the cystic and coronary veins. 
At the first arrow the superior mesenteric vein was clamped. The injection of vaso¬ 
pressin into the saphenous vein then produced a very striking fall in portal pressure. 
On releasing the mesenteric vein the portal pressure did not return to its original level. 

for the time being. If the communication between the hepatic artery and 
the portal vein was via the sinusoids at the periphery of the lobule, no 
such effect would take place. The ramifications of the portal vein are 
constricted before their entry into the sinusoids. Limitation of arterial 
inflow into the sinusoids would therefore have no influence on the rising 
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portal pressure. There must be a communication between the 
hepatic artery and the portal vein before the portal 
branches turn into the sinusoids. 

The difference in the effects of vasopressin and adrenaline is due to a 
difference of the action of the drugs on the arteriolar and capillary 
systems. When the splanchnic arterioles relax after adrenaline the blood- 
pressure is able to force blood through the capillaries, which may either 
dilate passively before the increased delivery of blood through the dilated 
arterioles, which may conceivably undergo an active dilatation com¬ 
parable to that observed by Hartman and his colleagues [1929] in the 
capillaries of muscle when adrenaline is applied to them directly. In the 
case of vasopressin, since the capillaries are actively constricted by the 
drug, the arterial pressure is prevented from having any appreciable 
effect on the portal pressure. 

I 

Summary. 

1. The portal venous pressure in cats averages about 80-100 mm. 
water. It is maintained partly by the inflow through the mesenteric and 
hepatic arteries, and partly by a certain amount of tone at the outlet 
from the portal system. 

2. These various components play a part in the vaso-motor reactions 
occurring under the influence of adrenaline and vasopressin. 

3. Adrenaline causes first a vaso-constriction of the ramifications of 
the portal vein in the liver, leading to a rise in portal pressure. A 
secondary rise occurs from an increased inflow of blood into the portal 
system through the hepatic and mesenteric arteries. 

4. The initial veno-constrictor effect of adrenaline may not be seen 
in the failing preparation. 

5. Vasopressin causes a fall in portal pressure by producing constric¬ 
tion of capillaries, the inflow into the portal vein being thus diminished. 
This effect is the same whether the drug is acting via the mesenteric or 
hepatic arteries. 

6. The vaso-motor reactions occurring between the hepatic artery 
and the portal vein in the liver are in all respects identical with the re¬ 
actions occurring between the mesenteric artery and the portal vein. 
Indirect evidence suggests that the hepatic artery and portal vein are 
linked in the portal tracts by an arteriolar and capillary system. 

In conclusion I have to express my indebtedness to Prof. J. J. R. 
Macleod, Dr J. W. McNee and Mr J. M. Peterson, for laboratory 
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facilities and invaluable assistance. During the reconstruction of the 
Department of Medicine in the University of Aberdeen a part of the work 
was carried out in the Medical Unit, University College, London, where 
expenses were met by the Graham Trust. The remainder of the expenses 
were defrayed by the Medical Eesearch Council. 
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THE INFLUENCE OF SHORTENING ON THE HEAT 
PRODUCTION OF THE FROG’S GASTROCNEMIUS. 

By McKEEN CATTELL. 

{From the Department of Physiology and Biochemistry^ University 
College, London, and the Department of Physiology, Cornell 
University Medical College, New York City.) 

Thkouoh the studies of Fenn [1923, 1924] it is known that the perform¬ 
ance of work by striated muscle is associated with the mobilization of 
energy in excess of that produced under isometric conditions, generally 
corresponding in amount to the work done. (See also Hartree and Hill 
[1928] and Hill [1930].) This general conclusion has been confirmed 
through measurements of the oxygen consumption in striated muscle by 
Fischer [1931] and in cardiac muscle by Stella [1931]. Rothschild 
[1930] came to the opposite conclusion as the result of lactic acid deter¬ 
minations made on semi-membranosus and gastrocnemius muscles of the 
frog. In these experiments much smaller quantities of lactic acid, amount¬ 
ing to 20-40 p.c. of the isometric value, were found when the muscle was 
allowed to shorten and do work. The reason for the discrepancy in the 
two sets of observations has been cleared up by the discovery of Hill 
[1930], through the method of myothermic measurements, that either 
result may be obtained in both sartorius and semi-membranosus muscles, 
depending upon the load, and consequently the length, under which the 
muscle shortens—the isometric energy is greater at the smaller loads, the 
isotonic at the heavier loads. In the case of the small parallel-fibred 
sartorius the Fenn effect is most readily obtained, while in the case of 
the stronger semi-membranosus the Rothschild finding occurs up to 
fairly heavy loads and therefore is the more commonly observed. The 
same relationship is indicated in the later experiments of Fischer and 
Stella, The gastrocnemius is not well suited to myothermic measure¬ 
ments by the ordinary methods on account of its large irregular form, 
and hitherto it has not been employed for the purpose of studying the 
relationship between the heat production and the accomplishment of 
work. The recent development of the single junction technique by Hill 
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[1931] has made possible the accurate measurement of the heat produc¬ 
tion of the gastrocnemius, and it is the purpose of the present paper to 
present some preliminary results obtained by this method. 

Method. 

«<^The observations were all made on isolated gastrocnemii of large 
Hungarian R. esc. or English R. temp. Stimulation was secured through 
condenser discharges applied to the sciatic nerve. The myothermic 
technique was carried out exactly as described by Hill [1931], consisting 
essentially of a single iron-constantan junction inserted into the centre 
of the muscle, which indicated temperature changes through a sensitive 
Downing galvanometer. Not only does this method permit of the 
accurate measurement of the initial heat production in an irregularly 
shaped muscle, such as the gastrocnemius, but has for the present pur¬ 
pose the added advantage that the heat recorded is independent of the 
length of the muscle and so makes unnecessary calibration at various 
lengths. Further, the contact of the thermocouple with the muscle 
remains constant even when the latter is allowed to relax without a load, 
which makes possible the measurement of the heat production of the 
muscle while in a completely collapsed state. In carrying out an experi¬ 
ment, the usual procedure has been to place a certain load on the muscle 
and measure the initial heat production of a series of three isotonic 
twitches separated by intervals of 1 sec. After an interval of 5 min., 
during which the load was removed from the muscle, the observation was 
repeated with a stop against the muscle lever to give isometric contrac¬ 
tions at the same muscle length as that for the isotonic contractions. In 
this manner pairs of observations were made in each preparation for 
various degrees of stretch and the results for the isotonic heat expressed 
as a percentage of the isometric heat at each muscle length. As a routine 
procedure the absolute values for the heat production (initial) were also 
determined according to the method described in detail by Hill [1931]. 

Results. 

Since certain minor species differences have been observed in the 
course of the present study, the experimental data will be presented in 
two groups. The first series of experiments was made on the muscles of 
large Hungarian R. esc. These animals had reached the laboratory about 
3 months previously and showed some muscle atrophy, as indicated by 
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an increase in the ratio of the length to weight as compared to muscles 
from freshly caught frogs. A tabulation of the essential data from six 
experiments is given in Table I. The exact meaning of the side headings 


Table I. The influence of shortening on the heat production in muscles of R. esc. 


Experiment 


Weight (g.) — 

Length(mm.) — 

Isotonic heat (p c.) 77 

Isometric heat (200 g. p.c.) — 

„ (400 g. p.c.) — 

Maximum Fenn effect (p.c.) 11 
Occurring at length (mm.) — 

„ load (g.) 200 

Control isometric (p.c.) — 

Stretch (mm.) 2*2 


iii. 31 

15. viii. 31 

18. viii. 31 

_A_ 


_A_^ 

b 

( 

a 

b 

f 

a 

b 

Average 

0-445 

0-812 

0-779 

0-400 

0 370 

0-561 

36-0 

40-5 

40-5 

35-5 

35-5 

37-6 

81 

02 

02 

02 

62 

68 

— 

89 

83 

88 

83 

86 

72 

70 

08 

— 

74 

71 

23 

25 

11 

6 

1 

13 

41-5 

44-6 

44-8 

38-7 

37-6 

41-4 

338 

320 

331 

197 

200 

263 

72 

71 

83 

88 

91 

81 

2-2 

1-3 

1-8 

1-3 

1-0 

1-6 


requires explanation. The weight of the muscle represents the value found 
at the completion of the experiment after separating its attachment to 
the bones and cutting the tendon at its junction with the muscle sub¬ 
stance. The ‘"standard” length of the muscle was determined before 
removal from its mounting and refers to the portion weighed while 
under a slight stretch, equal to that produced by a load of approximately 
L5 g. which experience has shown to give a maximum response in the 
tension-length diagram. The values given for the isotonic heat on the 
next line were obtained with approximately this load and are expressed 
as a percentage of the isometric heat recorded for the muscle at the 
corresponding length. The value of the isotonic heat at this length (and 
small load) is always considerably under that of the isometric heat, 
averaging 32 p.c. less for the six experiments, and this agrees with the 
effect of shortening on the lactic acid production reported for this muscle 
by Rothschild. 

In the case of the last two experiments of this series additional mea¬ 
surements of the heat production were made after removing all tension 
from the muscle and allowing it to rest in a collapsed state such that, even 
during contraction, no tension was transmitted to the lever; it was then 
found that the energy liberated fell to a very low value indeed. Under 
such conditions it is not possible to compare the heat with that produced 
isometrically at the same length, but in these two instances with repeated 
measurements the isotonic heats were, respectively, only 15 and 16 p.c. 
of the isometric heat at the standard resting lengths. 

The fourth and fifth rows of Table I show the effect of increasing 
length on the h eat prod uction of the isometric twitch. These figures are ex- 
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pressed as a percentage of the isometric heat at the standard length; at 
lengths corresponding to loads of 200 and 400 g. the average values are 
86 and 71 p.c. respectively. This decline in the value of the isometric heat, 
occurring from the beginning with increasing lengths, was a regular 
feature of this group of experiments. In part it can be accounted for by 
progressive changes, in the nature of fatigue developing in the course of 
the experiment. That this is not the whole explanation, however, is 
shown in Table I by the last row but one, which represent controls taken 
at the end of the experiment, i.e. after returning the muscle to the length 
existing under the small load initially employed of approximately 15 g. 
Under these conditions the heat again increased. It did not, however, 
reach the original value of 100 p.c. but on the average only 81 p.c. This 
may be due in part to the fact that under the heavy weights employed 
the loaded muscle was irreversibly stretched and at the end of the experi¬ 
ment was longer than at the start by an amount given in the last row. 

As the length of the muscle was increased smaller isometric heats were 
recorded; the isotonic heats, however, became greater and, with sufficient 
loads, exceeded the isometric heats. This is the well-known Fenn effect. 
It reaches a maximum value, given in the table (as a p.c. excess of iso¬ 
tonic over isometric*) along with the load and length at which it was 
obtained, and then declines when the load becomes excessive and the 
muscle shortens less during contraction. In this group of experiments 
the maximum value for the excess of isotonic over isometric heat averaged 
l.‘l p.c. and occurred at a length corresponding to a load of 263 g. The 
results from a typical experiment, 15. viii. 316, are plotted in Fig. 1, in 
which the trend of the isometric and isotonic lieats in relation to muscle 
length and load is clearly shown. 

A second series of five experiments was carried out with the same 
techniciue but on muscles from freshly caught English R, temp. The 
rcvsults, summarized in Table II, are essentially similar to tliose obtained 
from R. esc. The isotonic heat is given as a percentage of the isometric 
heat throughout the range studied. Excluding the 7 g. load initially 
present, weights were added in increments of 35 g.: this caused a fairly 
uniform increase in muscle length; the figures given, therefore, for length 
are limited to the average values for the five experiments. 

In this series, as in the previous one, the total energy liberated when 
the muscle shortened without producing tension was but a small fraction 
of the isometric heat at the standard length (7 g. load), averaging 23 p.c. 
in the five experiments. As the load (and length) is increased the isotonic 
heat increases in relation to the isometric heat and finally exceeds it. The 
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maximum excess is reached in the neighbourhood of 250 g., where the 
Fenn effect is on the average about 10 p.c. With greater loads the iso- 



Fig. 1. Exp. 15. viii. 31. Gastrocnemius of R. esc. Influence of muscle 
length on initial beat production in isometric and isotonic twitches. 


Ta.blg II. The influence of shortening on the heat production in muscles of R, temp. 

25. viii. 31 

f --^ 

Experiment ... 22. viii. 31 24. viii. 31 a h 27. viii. 31 Average 

Muscle weight (g.) ... 0*570 0*505 0*601 0*556 0*542 0*566 


Load (g.) 

Average 

length 

(mm.) 



c 


0 

27*5 

25 

19 

7 

32*5 

51 

46 

35 

33*9 

59 

60 

70 

34*8 

68 

70 

105 

35*0 

74 

79 

140 

35*5 

89 

— 

175 

35*7 

98 

98 

210 

36*1 

102 

— 

245 

36*5 

— 

108 

280 

36*7 

108 

— 

315 

37*2 

103 

98 

7 

33*5 

49 

61 

0 

27*5 

28 

17 


Isotonic heat (p.c.) 

_A_ 


25 

24 

22 

23 

62 

46 

50 

49 

61 

— 

— 

60 

— 

[80] 

67 

68 

76 


— 

76 - 

— 

89 

91 

90 

93 

— 

— 

96 

— 

100 

101 

101 

105 

— 

— 

106 

— 

108 

no 

109 

100 

— 

101 

100 

54 

60 

49 

51 

23 

— 

20 

22 


tonic heat again becomes relatively less. A noteworthy point in Table II 
is the uniformity exhibited by the five muscles of the series, in the ratio 
between isotonic and isometric heat for any given load. Further, the 
controls, for both zero and 7 g. loads, obtained at the end of each experi- 
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ment when a certain amount of fatigue was evident, are in close agree¬ 
ment with the initial values. (Cf. the first and last two rows of Table II.) 

There is one point, not shown in the tables, in which the data with 
J?. esc. differ from those obtained with R. temp. With the latter the iso¬ 
metric heats were well maintained with increasing stretch, and in two 
experiments continued to become greater up to a length given by a ten¬ 
sion of about 160 g. The isotonic heat values, however, increased also and 
at a greater rate, so that there is no significant difference between the two 
series in the general relationship of the isometric and isotonic heats with 
increasing muscle length. In the range of loads in which there was an 
excess heat production on shortening (Fenn effect) the isometric heat 
had, in every experiment, fallen, and in no instance did the value of the 
isotonic heat exceed the maximum for the isometric heat, which occurred 
at a shorter muscle length. 


Discussion. 

In his study of the relationship between the degree of shortening and 
the heat production at various lengths in the sartorius and semi-mem- 
branosus muscles. Hill [1930] presents strong reasons for believing that 
both the work done and the muscle length are important factors in 
determining the energy liberated. The present experiments on the gastroc¬ 
nemius essentially confirm Hill’s findings. The magnitude of the Fenn 
effect is, however, very much less than he reported; this appears to be 
related to the fact that in the present experiments, in contrast to those 
of Hill, the isotonic heat, even with the most favourable loads, never 
rose significantly above the maximum value of the isometric heat. This 
by itself would suggest that the energy liberated might be determined 
solely by the length of the muscle fibres, not only initially but during the 
course of the contraction. It is, however, quite improbable that there 
should be such a fundamental difference of response between the fibres 
in different muscles. In the case of the gastrocnemius the muscle is com¬ 
posed of relatively short, diagonally arranged fibres which are attached 
to a tendinous structure extending through a large part of the muscle. 
The result is a very inextensible muscle and the weights applied are 
largely supported by the connective tissue. It seems, then, extremely 
likely that the difficulty of obtaining the Fenn effect in the gastroc¬ 
nemius is due to a failure to stretch the muscle fibres to the extent 
occurring, for example, in the sartorius. 

As already pointed out, the measurements of the isometric heat in 
R. esc. always showed a decrease as the muscle length was increased: 
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in this respect the results accord with the earlier observations made on 
the sartorius (see Hill, 1925) but differ from those obtained in the present 
experiments with R, temp, in that the isometric heats were well main¬ 
tained at increasing stretches. This difference might have its explanation 
in the fact that the Hungarian frogs had been in captivity for some 
months, unlike the English frogs which were freshly caught. It may, 
however, represent a true species difference, as has been observed in 
other experiments with these frogs (see Feng, 1932, and Cattell, 
Feng, Hartree, Hill, and Parkinson, 1931). 

Of particular interest is the very low value to which the heat pro¬ 
duction falls when no work is done or tension developed. It has an 
obvious bearing on the economy with which muscle tonus may be main¬ 
tained, for under these conditions it is clear that new fibres coming suc¬ 
cessively into activity must expend considerably less energy than under 
conditions in which they shorten against a load. From a technical 
standpoint, in connection with chemical procedures, it appears that if a 
muscle is frozen while in a relaxed condition changes brought about by 
the accompanying contraction will be minimized. 


Summary. 

1. Measurements of the initial heat production of the gastrocnemius 
of the frog show that with small loads isotonic twitches liberate less heat 
than isometric twitches at the same initial length. With greater loads the 
isotonic heat exceeds the isometric heat and a true Fenn effect is ob¬ 
served. These results accord with those previously reported by Hill for 
sartorius and semi-membranosus muscles. 

2. In the case of muscles from R. temp, the heat in isometric twitches 
increased as the initial tension was raised and reached a maximum at a 
length given by a load of about 150 g. In muscles from R. esc., on the 
other hand, the heat decreased from the beginning with increasing initial 
tensions. 

3. When the gastrocnemius is stimulated in a completely relaxed 
state and produces no tension or work, the initial heat production is 
extremely small, amounting to less than one-fourth of the isometric; value 
measured at the “standard” length of the muscle under a small initial 
load. 

The author is greatly indebted to Prof. A. V. Hill, who suggested the 
problem and provided the facilities for carrying out the experiments. 
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THE ANALYSIS OF THE DELAYED HEAT 
PRODUCTION OF MUSCLE. 

By W. HARTREE. 

{From the Physiological Laboratory, Cambridge,) 

In earlier experiments on the analysis of the recovery heat \e,g, Hartree 
and Hill, 1922, 1924; Hartree and Liljestrand, 1926] the time of 
stimulus had to be short, 0*5 sec. or less, on account of the methods 
then used. The thermopile was purposely a slowly acting one, because 
the effect of the recovery heat on the galvanometer deflection was 
assumed to be nearly enough determined simply by subtracting from 
the “live” curve a “heating control” curve of the same maximum. It 
was supposed that the initial heat was so concentrated in time that the 
control curve gave a close enough determination of its effect at later 
times: this could be the case only if the heat was correctly “integrated,” 
i.e, if the maximum deflection was independent of the distribution of 
the initial heat. Even if the defect in integration was only a small 
fraction, such a fraction of the control curve, especially when its height 
was still large, might be a serious part of the difference between “live” 
and “control.” 

The error can be avoided to some extent by taking the time of 
heating for the control curve about the same as the time of stimulus, 
but since the initial heat is by no means uniformly distributed during 
the time of stimulus, unknown errors are likely to arise for long stimuli. 
Further, since the galvanometer reached its maximum deflection in 
about 5 sec. and the “live” and “control” curves were then made equal 
in height and subtracted, no information could possibly be derived of 
the recovery heat during the first 5 sec. after the stimulus, and the next 
one or two steps of 5 sec. in the analysis were open to doubt. It had to 
be assumed, moreover, that any possible recovery before 5 sec. did not 
affect the maximum. Thus the curves showing the rate of recovery heat 
were not well determined near the start and not determined at all before 
6 sec. These objections, it is admitted, would have little effect on the 
subsequent course of the analysis. 
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It is not possible by resources at present available to push much 
further the analysis of the initial heat [Hartree, 1931]. It was de¬ 
sirable, however, to use these resources in order to make a more accurate 
analysis of the course of the recovery heat, and in particular (1) to avoid 
the possible occurrence of the errors mentioned above, (2) to find the 
recovery heat starting immediately after the stimulus, and (3) to examine 
the conditions for any duration of stimulus. 


Procedure. 

In recent experiments the following method was used. A fairly rapid 
thermopile, constructed by Mr A. C. Downing (constantan-iron couples, 
bakelite insulation, brass frame, glass cover), was connected with tie 
very rapid moving magnet galvanometer described in the previous paper 
[Hartree, 1931]. Photographic records were taken on a quickly running 
drum so that the initial parts of the ‘‘live’’ curve could be analysed 
with sufficient accuracy. The heating control curves were usually for 
0*1 sec., and the analysis of the initial heat was carried out with intervals 
of 0-1 sec. for short stimuli (up to 0*6 sec.), increasing to 0-4 sec. for 
long stimuli (up to 6 sec.). The photographs were continued on the drum 
for 12 to 16 revolutions (32-40 sec.), when successive rings came so close 
that there might be confusion if they were continued: after that the 
light was allowed to fall on the paper only for a fraction of a second, 
at intervals of 4 sec., up to 80 sec. or longer. 

The analysis of the initial heat was usually carried to 4 sec. for a 
short stimulus and to 8 sec. for a long one. 

From the results the heat, over the period for which the analysis 
was carried out, was distributed into equivalent amounts at equal 
intervals, usually 0*4 sec. The deflections due to these amounts at these 
times were then calculated for subsequent times from the control curve, 
which must therefore be determined at every 0*4 sec. over the whole 
time for which the recovery is to be calculated. The sum of such deflec¬ 
tions at the subsequent times evidently gives the part of the observed 
deflection in the “live” curve which is due to the initial heat, or rather 
to the heat which has been included in the initial analysis, whatever its 
nature may be. (It will be seen later that a considerable part of the 
heat soon after the end of the long stimulus is not what is usually called 
initial heat.) This sum at subsequent times is then deducted from the 
live curve at the corresponding times, the difference being the deflection 
due to the heat which has occurred after the period of the analysis. 
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There is no chance of an error arising from a false maximum, as in 
the original method referred to above. With the thermopile used the 
deflection fell off rather quickly after its maximum. So far was it from 
“integrating” the heat from a long stimulus that the true heat was 
actually 26-30 p.c. more than that calculated simply from the maximum 
deflection. By the method described, however, the whole heat is properly 
taken into account^. 

Having obtained the deflections due to the heat occurring after the 
above analysis, these are in turn analysed to give the time course of 
the subsequent heat. The heat rate, except quite soon after a long 
stimulus, will now be very small compared with the initial heat rate, so it 
will be sufficient to analyse it in much longer time intervals: a suitable 
interval to use is 4 sec. Consequently the above calculation for the deflec¬ 
tion due to the initial heat at subsequent times, and the measurements of 
the deflections from the live curve, are only required at every 4 sec. 

It is impossible to analyse the “subsequent” heat directly by the 
control curve for 0*1 sec. heating, since this curve will lose a considerable 
part of its maximum deflection in 4 sec. There are two possible methods 
of procedure: (a) to make separate 4 sec. heating curves and to use 
them to analyse the subsequent heat in 4 sec. steps: the heat units, 
however, for the “initial” and the “subsequent” analyses will now be 
different and the “subsequent” analysis can only be expressed in terms 
of the initial heat (as is required) by making a still further analysis, 
namely, of the 4 sec. heating curve by the 0*1 sec. control: the further 
analysis could of course be avoided if the ratio of the heats given to 
produce the two control curves were accurately known; (6) a much 
better method is to “build up” a 4 sec. heating curve from the 0*1 sec. 
heating curve: this is very easily done since the ordinates of the latter 
must be found in any case at short intervals of time, as they are required 
for the initial analysis and for the calculation of the effect of the initial 
heat at subsequent times, as described above. 

Besides saving time in taking and measuring further records, 
method (6) has the great advantage that the “built up” 4 sec. heating 
curve can be made for exactly the same heat as was used for the 0-1 sec. 
control, and the analysis of the subsequent part by this control will there¬ 
fore be ^in the same units as those in which the initial heat is expressed. 

^ The rapid heat loss inevitably leads to the subsequent deflection being considerably 
smaller than for the slow-acting thermopile, with some loss of accuracy on account of 
this smallness. The method, therefore, is hardly suitable for investigatuig the total 
recovery heat. 
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Results. 

The general form of the results of the original experiments was con¬ 
firmed, the longer stimulus giving a larger and earlier maximum rate of 
recovery, stimuli of 4 or 6 sec. showing a comparatively enormous heat 
rate quite soon after relaxation. This rate, however, usually fell rapidly 
for about 15 sec. after which there was a distinct rise to a maximum at 
25 to 30 sec., and then there was a gradual fall in the rate, as shown 
in Fig. 1. 



Fig. 1. Rate of heat production for a 5 sec. stimulus in oxygen at 17® C. The dotted line, 
with inner scale, gives the result of the initial analysis up to 8 sec., showing the 
characteristic high rate soon after a long stimulus. The tension fell only slightly 
during the stimulus; at 0*4 sec. after the stimulus it had fallen to a very small value, 
at 0*6 sec. it was inappreciable. 

The full lino, with outer scale, gives the result of the subsequent analysis in 4 sec. 
steps up to 80 sec.; this is the continuation of the dotted curve on 20 times the scale, 
showing a distinct maximum at about 30 sec. due to oxygen recovery, whereas the 
earlier quickly falling part is almost entirely due to anaerobic delayed heat. 

The unit for the vertical scale is the initial heat per sec. 


Such a result has been observed before [Hartree and Hill, 1928, 
Fig. 3, p. 213], but its significance was not then understood. It is now 
found that if a similar long stimulus be given in nitrogen (freed from 
oxygen by passing over heated copper) the part of the delayed heat 
curve soon after relaxation is practically unaltered, and there is no 
subsequent rise, in fact there is no observable heat at all after 15-20 sec. 
It is clear, therefore, that the heat soon after relaxation is nearly entirely 
due to the same cause as the anaerobic delayed heat, so no proper investi- 
gation of the heat in oxidative recovery can be made without first deter- 
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mining the anaerobic delayed heat for various times of stimulus and 
deducting this from the total heat observed after relaxation. 

This early delayed heat represents presumably the excess of the 
heat due to delayed lactic acid formation over that absorbed in de¬ 
layed phosphagen resynthesis [Lehnartz, 1931; Lundsgaard, 1931; 
Meyerhof and Schulz, 1931], and this theory of its origin is borne 
out by the fact that Meyerhof and Schulz found that the lactic acid 
formed during and immediately after the tetanus, as also the phosphagen 
resynthesized during the same period, is the same in a muscle saturated 
with oxygen as in one which is entirely oxygen-free. We are justified, 
therefore, in assuming the same source for the early delayed heat in 
both cases. 

The anaerobic delayed heat. There was some trouble in making a suffi¬ 
ciently good determination of the anaerobic delayed heat because it was 
soon evident that it was less, and over earlier, for successive stimuli, 
and with long stimuli generally much less for the later ones as has been 
noted elsewhere [Cattell and Hartree, 1932]. For example (16. x. 31) 
several stimuli of 1 sec. gave 

No. 1. A.D.H. = 11 p.c. over in 40 sec. 

No. 3, A.D.H. = 4 p.c. over in 20 sec. 

No. 8. A.D.H. == 2 p.c. over in 4 sec. 

Also (16. ix. 31) three 4 sec. stimuli, after others, gave 

No. 3. A.D.H. = 9 p.c. over in 20 sec. 

No. 4. A.D.H. = 7 p.c. over in 16 sec. 

No. 5. A.D.H. = 3 p.c. over in 12 sec. 

Thus it was necessary to have an early stimulus in several different 
experiments to obtain consistent results. Fig. 2 shows the mean results 
for an early stimulus from twelve experiments. In all these the total 
anaerobic delayed heat (after completing the diagram for the shorter 
stimuli)^ was about 8 p.c. of the initial heat. No greater anaerobic 
delayed heat than 12 p.c. was obtained. 

There is some evidence that about 2 p.c. of the initial heat occurring in a few seconds 
after the tension has fallen to its original value may be due to the relaxation from internal 
stresses which do not contribute directly to the tension, as such heat is frequently observed 
after shorter stimuli when both the anaerobic delayed heat and the oxygen recovery 
heat are probably at a very small rate and cannot account for it; and further, this 2 p.c. 
occurs at a falling rate before the subsequent rising rate associated with the anaerobic 
delayed heat or the recovery heat. 

^ For stimulus 0-8 sec. the anaerobic delayed heat seems to be practioedly complete 
in about 50 sec. and for stimulus 0*4 sec. in about 80 sec. 
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After a long stimulus, the tension when the stimulus is over does not usually fall 
quickly to its original value but may be quite appreciable for a few seconds: such tension 
is small and the heat due to relaxation from it is not likely to reach 1 p.c. (it is probably 
considerably less): the above considerations, however, suggest that the anaerobic delayed 
heat has, if anything, been over-estimated and that after comparatively few long stimuli 
its total amount is inappreciable. The possibility, however, must not be overlooked that 
for the subsequent stimuli the anaerobic delayed heat may have become so early in its 
appearance that it cannot be separated from the initial heat. 



Fig. 2, Curves showing the mean relative heat rate for early stimuli of 0'4, 0-8, 1*2, 2*0 
and 4*0 sec, at 17° C. in Ng, from the results of twelve experiments. The curve for 
0-8 sec, stimulus goes on for about 50 sec., that for 0-4 sec. stimulus for about 80 sec. 
The total heat (area) for each curve is about 8 p.c., except for the 4 sec. stimulus in 
which it 18 less, as a considerable amount of the heat came before the end of the 
stimulus. The curves, especially before 4 sec., are approidmate; the results of any 
one experiment sometimes differed considerably from them. The unit for the vertical 
scale is the initial heat per sec. for each curve. 

For longer stimuli the initial rate is very high, which fully accounts 
for the distinctive “tail pieces” in all the heat diagrams after such 
stimuli. For a 4 sec. stimulus the maximum rate probably occurs before 
the end of the stimulus though it cannot be separately observed, but 
even after this the rate is actually five times the maximum possible 
rate due to oxygen recovery (see later), although the whole anaerobic 
delayed heat is only about 8 p.c. of the whole oxygen-recovery heat. 
After a stimulus of this length the anaerobic delayed heat is complete 
in under 20 sec., which agrees with the fact that many observers have 
found the phosphagen resynthesis and the delayed lactic acid formation 
to be complete in a comparatively short time. 
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Fig. 2 shows the relative rates of anaerobic delayed heat, i.e. the 
ordinates of the curve for each stimulus are fractions of the initial heat 
for that stimulus. If these rates be required in absolute units they 
must be multiplied in each case by the initial heat. 

A calibration was made in several of the experiments for the anaerobic 
delayed heat, and also in several for the oxygen-recovery heat (considered 
later); the mean values of the initial heat for various times of stimulus, 
from a single twitch up to 4 sec., were plotted against the time of 
stimulus: from the curve the initial heats for the times of stimulus used 
in Fig. 2 were read off and these are entered in Table I, together with 
the maximum rate of anaerobic delayed heat. 

Table I. Maximum rates of anaerobic delayed heat for different initial heats. 


Time of stimuluB (sec.). 

0*4 

0*8 

1*2 

2*0 

4*0 

Initial heat (10”® cal. per g.). 

3*3 

6*0 

6*9 

11*1 

19 

Maximum relative rate. 

0*0025 

0*004 

0*007 

0*010 

0 *020* 

Maximum absolute rate (10“*cal. perg. per sec.) 

0*8 

2*0 

4*8 

11 

38 

Approximate time to maximum rate (sec.) ... 

14 

7 

3 

2 

— 


* The figure 0*020 is an estimate, since the maximum rate for a 4 sec. stimulus probably 
occurred before 4 sec. 


From the numbers it may be seen that the maximum absolute rate 
of anaerobic delayed heat is closely proportional to the square of the 
initial heat preceding it. 

The oxygen-recovery heat. Having determined the curves of anaerobic 
delayed heat rate for early stimuli of various durations these were sub¬ 
tracted from the curves for corresponding stimuli when the muscle was 
in oxygen in order to get the oxygen-recovery heat alone. It seems 
reasonable to subtract such anaerobic delayed heat curves from the 
mean curves for various times of stimulus using all the observations in 
oxygen, on the supposition that when the muscle was allowed to recover 
the anaerobic delayed heat effect would always be the same as for an 
early stimulus in nitrogen, which corresponds to the case of the fresh 
miiscle. 

The mean curves for the relative rates of oxygen-recovery heat are 
shown in Fig. 3 and the absolute rates in Fig. 4. For even the longest 
stimulus used, namely 4 sec., the maximum rate does not occur before 
20 sec. The relative rate is considerably less for the longest stimulus, 
and it seems that in this case the absolute rate is approaching its 
maximum possible value (see Fig. 6). 

Shorter stimuli were also given in oxygen with a view to finding the 
recovery rate for a single twitch. In this case the maximum relative 
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Fig. 3. Curves showing the mean relative rates of oxygen-recovery heat for stimuli 0*2, 
0*4, 1‘0 and 4*0 sec. at 17° C., from the results of sixteen experiments. The means of 
three or four analyses for each time of stimulus (in several different experiments) were 
taken and the anaerobic heat, deduced from Fig. 2, subtracted in each case. The 
unit for the vertical scale is the initial heat per sec, for each case. 



Fig. 4. Curves showing the mean absolute rates of oxygen-recovery heat for stimuli 0*2, 
0*4,1*0 and 4*0 sec. at 17° C. These are the same curves as in Fig. 3, but each multiplied 
by the corresponding initial heat. 
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rate of total recovery (including the anaerobic delayed heat) was about 
0*002 of the initial heat per sec., giving an absolute maximum rate of 
about lO"*® cal. per g. per sec., and this occurred at about 80 sec. In 
this case of course the galvanometer had to be made much more sensitive 

Table II. Maximum rates of oxygen-recovery heat 
for different initial heats. 

Time of stimulation (sec.) . 0*2 0*4 1-0 2*4 4*0 

Initial heat (10""* cal. per g.) . 2*1 3*3 6-9 12 19 

Maximum relative rate. 0 0043* 0-0068 0 0070 0*0062 0*0042 

Maximumab8oluterate(10“*cal. perg. persec.) 0*9 1*9 4*1 7*4 8*0 

Approximate time to maximum (sec.). 65 60 30 — 22 

* The anaerobic delayed heat was not observed for stimuli less than 0*4 sec., so this 
number which required an extrapolation is doubtful, as are the further numbers in the 
same column. 



Fig. 6. Showing the maximum absolute rates of oxygen-recovery heat at 17® C., after 
different initial heats for times of stimuli 0*2, 0*4, 1*0, 1*6, 2*4, 3*2 and 4*0 sec. The 
maximum possible rate of oxygen-recovery heat at 17° C. cannot apparently be much 
greater than 8 x 10~^ cal. per g. per sec. and this is practically reached after a stimulus 
of 4 sec. The plotted points are the means from about forty results in sixteen different 
experiments. 

than when dealing with the longer stimuli, so the small differences (be¬ 
tween the live and the control curve at some time after the stimulus) 
on which the method depends, were not so reliable: it was therefore 
considered impossible to make reliable determinations of the anaerobic 
delayed heat in such a case, and it can only be stated that after a single 
shock the maximum oxygen-recovery heat rate is somewhat less than 
lO”® cal. per g. per sec. and that this does not occur before 1J, or possibly 
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2 min. after the stimulus. This time is longer than that given above, as 
the effect of deducting the anaerobic delayed heat from the total re¬ 
covery is to make the maximum of the resulting curve (the oxygen- 
recovery) come at a later time than that of the original curve. 

The maximum rate of oxygen-recovery heat production shown in 
Fig. 5 approaches asymptotically a value of about 8 x cal. per g. 
per sec., for the temperature of the present experiments (17® to C.). 
There is a limit, it seems, in the rate of oxidative heat production, set 
presumably by the maximum possible activity of the enzymes or other 
factors concerned in oxidation. The limit is not set by the amount of 
oxygen available: a fully recovered muscle at 20® C. in oxygen should 
contain [Hill, 1928 ft, p. 47] about 90 p.c. of the full amount its water 
would dissolve at 1 atmosphere partial pressure, say, about 0-022 c.c. 
per g. This would allow about 0-1 cal. of energy to be liberated per g., 
taking no account of further oxygen diffusing in: of the 0-1 cal. about 
one-half (0-05 cal.) presumably would appear as heat, the other half 
would be absorbed in the endothermic processes of recovery. According 
to Fig. 4 (4 sec. curve) not more than about one-fifth of this 0-06 cal. 
is liberated up to the time that the maximum is obtained, so that pre¬ 
sumably nearly all the oxygen is still available at that time. 

Discussion. 

All the experiments were carried out on a pair of sartorii of R, temp., 
and in most cases the muscles were small or very small: for a constant 
length of 21J mm. between the stimulating electrodes, tlie weight of the 
pair of muscles was always between 30 and 70 mg. (except for one or 
two cases in which a single twitch was used when they were somewhat 
larger). The average thickness of each muscle was 0-4 mm. estimated 
from the weight, length and mean breadth. The small size of the muscles 
ensured rapid distribution of heat and rapid diffusion of oxygen from 
outside. The temperature was always between 17° and 17|® C. 

In nearly all the experiments on anaerobic delayed heat there was 
an apparent small heat production at the end of a considerable time; 
in fact there was frequently a very small rise in the galvanometer de¬ 
flection after about 60 sec. There was of course always the possibility 
that such a result might be due to a temperature error in the course of 
the record, but on several occasions the spot was observed for a con¬ 
siderable time after the muscle was dead or had not been stimulated 
for a long interval, and there was no observable motion. The apparent 
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small heat production referred to is no doubt a vapour-pressure effect 
that has been observed in other cases [Hill and Kupalov, 1930], so 
this final part of the calculated heat has never been included in the 
results, but the heat rate has been smoothed off at the end on the 
supposition that such final parts are due to this technical error. The 
times, therefore, referred to above in which the anaerobic delayed heat 
is stated to be complete, must be accepted with some reserve since they 
depend on an estimate of the final error. 

The form of the curves in Figs. 3 and 4 for the true oxygen-recovery 
heat rate makes it clear that the recovery process does not immediately 
start off at its maximum value but passes through a complicated curve, 
of the meaning of which we have at present little idea. When more is 
known about the chemical events occurring in recovery they will pre¬ 
sumably fit into the outline shown in these figures. That the anaerobic 
delayed heat occurs so rapidly after the longer stimuli and so relatively 
slowly after the shorter ones also has no explanation at present, but it 
obviously has an important bearing upon observations made by chemical 
methods on the processes occurring after activity. It is satisfactory 
(a) that the duration of the anaerobic delayed heat appears to be about 
the same as that of the time during which lactic acid formation occurs 
and phosphagen restoration is effected, and (6) that the heat which we 
have called the anaerobic delayed heat occurs also after stimulation in 
oxygen and so conforms to the chemical facts now known about lactic 
acid and phosphagen. That it was present in both cases had in fact been 
seen before [Hartree and Hill, 1928] and had been assumed whenever 
anaerobic delayed heat was subtracted from oxygen recovery heat in 
finding the ratio of recovery heat to initial heat. 

The ratio (heat in oxygen): (heat in nitrogen) for a series of muscle 
twitches [Hill, 1928 a] is about 2*07. If be the initial heat, the 
oxygen-recovery heat, Ha the anaerobic delayed heat, then the heat in 
oxygen is (//< + H^ + Ha) and the heat in nitrogen (H, + Ha). Hence 
Hol(Hi -f- Ha) == 1-07. In previous investigations [Hartree and Hill, 
1922, 1924; Hartree and Liljestrand, 1926] the ratio of total delayed 
heat to initial heat (Ho + Ha)IHi has been determined by methods less 
exact indeed than those adopted in the present investigation but still 
probably good enough for total heats. Now if the results of the present 
experiments on tetani can be applied to series of twitches, H^ = 0*08 H ^. 
Hence (Ho + Ha)/Hi - 0-08 -b Ho/H, = 0-08 + 1-08 x 1-07 - 1-24. This 
is not far from the average of previous estimations. 
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An apparent negative delayed heat. 

Since the anaerobic delayed heat at 17° C. after a long stimulus is of such high initial 
rate it seemed possible that determinations of it might be made at 0° C. In five experi¬ 
ments on English and four on Dutch frogs at 0° C. in nitrogen, stimuli of 1-6 sec. were 
given. In every case with 1 sec. stimulus the analysis, carried out as explained above, 
gave apparent negative heat after relaxation; the average amount was -3 p.c., lasting 
for about 40 sec., and there was a distinct tendency for this negative heat to become 
numerically greater after successive stimuli, the variation being usually from about 
-1 p.c. for fresh muscle to about - 5 p.c. after a few stimuli of 1 sec., and to a somewhat 
greater negative number when a 1 sec. stimulus was given after a longer stimulus 
(4 or 6 sec.), 

Tf real, this delayed negative heat in the absence of oxygon would be very interesting: 
it might be a sign of the endothermic restoration of phosphagen outstripping the exothermic 
one of lactic acid formation; there is no a priori reason why at some stage in this double 
process the total energy (as distinct from the free energy) should not be negative. The 
negative heat, however, was very small and it was necessary to see whether it could bo 
explained as a technical error of some kind. 

If the outer layers of the muscles (i.c. those further from the face of the thermopile) 
were less active than the rest, their rise of temperature, after a stimulus, would be less 
than that of the rest, so they would take heat from the inner part and this would appear 
in the analysis as delayed negative heat. The redistribution of heat in such a case of non- 
uniform contraction was investigated mathematically by Hill [1931, Appendix II]; it 
appeared that the process was so rapid that it would not affect the analysis after a very 
few seconds, and so could not be the cause of the effect observed. 

It was safer, however, to examine the matter experimentally as well, which was done 
as follows. Each muscle of a pair was covered with a layer of absorbent paper to provide 
an “inactive layer” which would be heated w'hen the controls were taken; the muscles 
were then given a short stimulus (0*2 sec. at 17° C.) and the heat was analysed in the 
usual way. 

When thick blotting paper was used weighing (wet) 1*4 times as much as the muscles, 
the apparent negative heat was about - 60 p.c. of the initial heat, and it was inappreciable 
within 3 sec. after relaxation; when thin cigarette paper was used weighing (wet) 0*15 x 
(weight of muscles), the apparent negative heat was about - 18 p.c. of the initial heat and 
it was inappreciable within 1J sec. after relaxation. The equalization of temperature was 
so rapid that the experiments had to be made at a high temperature, and even then some 
of the negative heat overlapped the relaxation heat; an approximate allowance for this 
was made when deducing the above numbers. 

Since the apparent negative heat was at its greatest rate within a few tenths of a 
second after the stimulus, and inappreciable after the short times given above, it was 
clear that inactivity of the outer layers could not account for the long-continued negative 
heat observed at 0° C. 

A more probable explanation is as follows. Suppose that, when the control curve was 
taken, the muscles (owing to shortening or swelling in killing^) were of greater weight 
than when the live curve was taken. The heavier muscles would lose temperature less 

^ The muscles were always killed with chloroform vapour, but this was always so weak 
that, apart from one or two exceptional cases, there was no sign of contracture and no 
change in the appearance of the muscle. The chloroform vapour was usually removed from 
the thermopile chamber before the control curves were taken. 
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rapidly than the lighter ones, so the control curve taken on the former would be too high 
at all times after the maximum and, as the analysis of the initial heat would be hardly 
affected, the calculated allowances for the effect at all subsequent times of the initial heat 
would be too great, so that the result of subtracting them from the live curve would be 
negative. 

To test this, curves were taken consequent on heating (for 0*1 sec.) a pair of strips of 
thick blotting paper (wetted with Ringer's solution) and also for the same blotting paper 
covered with a layer of thinner absorbent paper. When the latter was filter paper, giving 
an increase of weight of 39 p.c., the apparent negative heat, in an analysis of the first curve 
by the second, was about - 26 p.c. of the initial heat and lasted about 110 sec.; when the 
thinner paper was cigarette paper, giving an increase of weight of 12J p.c., the correspond¬ 
ing negative heat was about - 8 p.c. of the initial heat, and lasted for about 70 sec. 

In each case the negative rate fell rapidly from an early high value so that about one- 
third of the whole negative heat occurred in the first 4 sec. Except for this, the distri¬ 
bution was somewhat similar to that of the negative heat observed at 0° C., but a close 
comparison cannot well be made, since at 0^ C. the end of the relaxation heat may overlap 
the beginning of the negative heat and the usual anaerobic delayed heat may overlap the 
end of it. It must be remarked, however, that in many cases after a 1 sec. stimulus at 
0° C. there was a very perfect “wash out” at the end of the initial analysis, so that there 
was no observable heat of any kind between 3 and 4 sec.; in this interval the relaxation 
heat can hardly have had an appreciable effect (unless, as haa been suggested elsewhere, 
there is a small amount of relaxation heat after the tension has fallen to its original value) 
and the negative heat, if due to a difference of weight as discussed above, would then be 
at about its greatest rate, so it could hardly escape detection. 

Another possible objection to this explanation of the negative heat lies in the fact 
that the negative heat for stimuli at 0° C., invariably increased (numerically) for successive 
stimuli of the same duration, so that it w^ould be necessary to assume that the usual 
anaerobic delayed heat masked it less and less for successive contractions; but it has been 
noted above that at 17° C. the anaerobic delayed heat does diminish in this way. 

In several cases of longer stimulus (4 or 5 sec.) at 0° C. the negative heat, though present 
in every case, was always less (when reckoned as a fraction of the initial heat) than for a 
short stimulus: this may have been due to the earlier occurrence of the anaerobic delayed 
heat, which might be expected after a longer stimulus. 

In five experiments at 0° C. the muscle was poisoned with iodoacetic acid (1 hour at 
room temperature and J hour at C. in 1/25,(KX) iodoacetic acid, which gave a good con¬ 
tracture after repeated stimulation in a muscle separately tested). For an early stimulus 
of 1 sec. at (f C., the apparent negative heat w^as very uniform, - 2 to - 3 p.c.; for later 
stimuli there was a conspicuous progressive change due to subsequent positive heat 
occurring earlier and at a higher rate. The fact that iodoacetic acid neither abolishes nor 
increases the negative heat, suggests that this heat is not due to a balance between phos- 
phagen restoration and lactic acid formation, for in the poisoned muscle the latter does 
not occur. 

On the balance of evidence it seems most likely that the negative heat is due to a small, 
increase of weight between “live” and “control.” It is hoped to test this by a method 
(used by Dr E. Bozler for the snail’s retractor) employing a high-frequency current 
which will allow “controls” to bo taken, mixed with “live” records, on the living muscle. 
If the negative delayed heat prove to be an error due to change in weight of muscle, it 
must bo remarked that all published determinations (including the present) of the anaerobic 
delayed heat are probably slightly too small. The oxygen-recovery curves, however, would 
be unaffected, since they were obtained by subtraction. 



286 


W. HARTREE. 


Summary. 

1. A detailed analysis has been made of the delayed heat production 
occurring after a muscular contraction. 

2. In a fresh muscle deprived of oxygen this delayed heat amounts 
to about 8 p.c. of the initial heat; it occurs earlier and at a greater rate, 
and ends sooner, after longer stimuli. After a 4 sec. tetanus at 17"^ C. 
it is complete in about 20 sec. In successive stimuli the amount de¬ 
creases, or perhaps occurs earlier so that it cannot be so completeJ^> 
separated from the initial heat. 

3. In a muscle in oxygen the delayed heat occurs in two phases: 
(A) the anaerobic delayed heat, which appears exactly as in a m\8cle 
without oxygen: (B) the true oxygen-recovery heat. In the present 
experiments (B) has been separately examined by subtracting (^4) from 
the total in oxygen. 

4. The true oxygen-recovery heat rate rises to a maximum and then 
slowly declines. The maximum is earlier and higher the greater the initial 
heat. The greatest rate of oxygen-recovery heat production approachoj^ 
the value (at 17® C.) 8 x 10"*^ cal. per g. of muscle per sec. This maximum 
is determined by a limit, not in the rate of supply of oxygen, but in 
the rate of chemical reaction. 

6. The anaerobic delayed heat represents a balance between the 
endothermic resynthesis of phosphagen and the exothermic formation 
of lactic acid. These processes occur equally in the presence or the 
absence of oxygen, and are complete in a time about equal to that of 
the heat after the longer stimuli. 

6. The oxygen-recovery heat represents a balance between exo¬ 
thermic oxidation and endothermic lactic acid removal and phosphagen 
resynthesis. 

7. The observation of an apparent negative delayed heat is discussed. 

I am much indebted to Mr T. P. Feng for his valuable assistance 
in the laborious task of working out many of the earlier experiments, 
and to Prof. A. V. Hill for his advice and for his help in the preparation 
of this paper. 
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PULMONARY CEDEMA IN THE CAT HEART-LUNG 
PREPARATION. 

By W. H. NEWTON. 

(Frovn the Depariynent of Physiology and Biochemistry^ 
University College, London.) 

Results of pkevious observers. 

On the intact animal. The experimental methods employed to produce 
lung oedema in animals have been diverse, and the results obtained 
various. A resume of the literature up to 1915 was given by Matsuoka 
[1915]. It is sufficient to say with regard to this, that the possibility of 
producing oedema by obstructing the outflow from the left side of the 
heart, or rendering it incompetent in various ways, was fairly well 
established, but observers differed as to the importance to be attached 
to the condition of the lung capillaries. 

On the heart-lung preparation. Matsuoka [1915] found that oedema 
could be produced in the dog heart-lung preparation in 15 minutes by 
making the heart put out 1^ litres per minute against a low arterial resist¬ 
ance of 80 mm. Hg. The same result was obtained by making the heart 
work for 15 minutes against a resistance of 160 mm. Hg, with a low output 
of 630 c.c. per minute. He designates this type of oedema as “obstruc¬ 
tive,” the common denominator in the two cases being a failure of the 
left ventricle, not shared by the right, to deal with the blood coming to 
it, resulting in a distension of the lung capillaries. Barry [1923], from 
similar experiments, concluded that the principal factor was a low colloid 
osmotic pressure of the blood, and that the effects of flow and resistance 
were merely contributory. His evidence, however, was mainly from 
experiments in which the colloid osmotic pressure had been deliberately 
lowered by adding saline. Lambert £ind Gremels [1926], also working 
on the dog heart-lung preparation, attribute the oedema to a toxic action 
of defibrinated blood upon the capillaries. Neglecting their method of 
recording the onset of oedema, which is open to criticism, the main 
conclusion of these authors is well supported by their experiments. 
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On the isolated lungs. Using cat lungs, Modrako vski [1914] showed 
that, before oedema could be produced, the perfusion pressure had to be 
raised above 36 mm. Hg, and the venous outflow obstructed so that the 
fall of pressure through the lungs was only 8 mm. Hg. Matsuoka [1915] 
demonstrated similar relationships in dog lungs, giving 40 mm. Hg as 
the critical perfusion pressure; he regards the rise of pulmonary arterial 
pressure in the heart-lung preparation as the result of a damming back of 
blood by the left side of the heart, and presumably assumes that when the 
critical pressure is exceeded, oedema occurs. 


Preliminary considerations. 

There is no reason to assume any essential difference between the 
pulmonary oedema of the dog heart-lung preparation and that of the 
cat heart-lung preparation. The latter was chosen as a basis for the 
present experiments because of its very early and almost inevitable 
appearance [Evans, 1912; Knowlton and Starling, 19126; Gilding 
and Newton, 193U]. 

As a criterion of oedema the appearance of fluid in the tracheal cannula 
has been taken. This necessarily indicates an advanced stage, but there 
seems to be no satisfactory measurement applicable to the finer degrees. 
Lambert and Gr erne Is [1926] claimed that the electrical resistance of 
the lungs was independent of the blood flow, and varied inversely as 
the degree of oedema. It is difficult to see how a record of this can dis¬ 
criminate between an accumulation of fluid in the alveoli and an accumu¬ 
lation of blood in the capillaries, and as congestion is a possible causative 
factor, the method has not been tried. Hsematocrit determinations on the 
circulating blood [Smirk’s method, 1928] showed a progressive concen¬ 
tration of corpuscles, but as a test for the onset of oedema this was of no 
more value than the actual appearance of fluid. 

The visible changes in the lungs are probably significant. Immediately 
after the heart-lung circuit is established, they distend less at each thrust 
of the pump, and their pink colour changes to a much deeper shade. There 
is then a progressive increase in volume at each thrust, the pleural surface 
exudes serum, blood is lost from the reservoir, and the circulating blood 
becomes more venous in colour. The lungs collapse very badly, and finally 
blood-stained fluid appears in the tracheal cannula. 

^ Unpublished observations. 
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First series of experiments. 

Effect of positive ventilation. There was no sign of oedema in eight cats 
anaethetized with chloralose (0*1 g. per kg. of body weight intraperi- 
toneally), and subjected to positive ventilation with open thorax for over 
2 hours. The latter was combined variously with ligature of the brachio¬ 
cephalic artery, vagal section, decapitation, suprarenalectomy, defibrina¬ 
tion of the blood, and addition of anti-coagulant to the blood (B.D.H. 
chlorazol sky blue, 8 p.c. solution, 2 c.c. per kg. of body weight intra¬ 
venously). The uniformly negative results suggested that the cause of 
oedema was to be sought in some factor introduced by the actual heart- 
lung apparatus. 

Several heart-lung preparations were ventilated with 5 p.c. COg in air 
or oxygen, to prevent acapnia, but the incidence of oedema remained 
unaffected. 

Traunui of blood. In one cat, pulmonary oedema was obtained by 
repeatedly removing, whipping and re-injecting the blood, even after 
fibrin ceased to be deposited. The significance of this experiment is 
doubtful, as about 75 c.c. of blood from another cat were added to keep 
up the blood-pressure, and the result could not be repeated on two occa¬ 
sions when the amounts of blood removed and re-injected were exactly the 
same. Also, in several of this series, and all of the next series of experi¬ 
ments, whipping was rendered unnecessary in preparing the heart-lung 
by the use of Chicago blue (chlorazol sky blue), but oedema occurred with 
the same frequency. 

Influence of foreign blood. No agglutination was ever observed be¬ 
tween the blood of the heart-lung cat and that of the cat used for bleeding. 
Attempts to make a heart-lung preparation from a single cat were not 
satisfactory, owing to the small amount of blood available. 

Other possible causes. Irritation due to the use of volatile anaesthetics 
was ruled out by the use of intraperitoneal chloralose in all experiments. 

Free lymphatic drainage was assured in a number of heart-lung 
preparations by severing the superior vena cava distal to the inflow 
cannula; the incidence of oedema was not affected. 

Influence of venous inflow and resistance. In all of seven preparations, 
with an arterial resistance of 150 mm. Hg and a maximal venous inflow 
(about 320 c.c. per minute), oedema supervened rapidly, the average time 
being 30 minutes from the completing of the heart-lung circuit. Of 
sixteen preparations, with an average arterial resistance of 85 mm. Hg 
and a venous inflow of 100 or less c.c. per minute, only eight developed 
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OBdema within 1 hour, and in most of the others the preparation was in 
good condition at the end of 2-2^ hours. These results confirmed those 
of other workers [Matsuoka, 1915; Knowlton and Starling, 1912 a; 
Barry, 1923], but no attempt was made to find the “critical” inflow or 
resistance, for the experiments did not suggest that these were of primary 
importance. The normal blood-pressure of a cat is considerably more than 
85 mm. Hg, and its heart must ordinarily be able to deal with much 
more than 100 c.c. of blood per minute. Yet in one half of the experiments, 
where these values obtained, oedema came on rapidly, and in some of the 
remainder appeared ultimately. 


Second series op experiments. 

The last group of results leaves no doubt that the conversion from the 
normal to the heart-lung circulation predisposes the preparation in some 
way to oedema, and that this occurs earlier if an increased load is placed 
upon the heart. With the object of finding whether the conversion is 
attended by some abnormal distribution of pressures, these were followed 
through from the normal to the heart-lung circulation: aortic pressure 
(subclavian artery, Hg manometer), left auricular pressure (left auricular 
appendix, saline manometer, tank recorder), pulmonary arterial pressure 
(upper branch of right pulmonary artery, Hg manometer), superior vena 
cava pressui*e (azygos vein, saline manometer, tank recorder). 

Procedure, After the anesthetic (0-1 g, choralose per kg. body weight, intraperitoneally) 
the main steps were as follows: tracheal cannula inserted, thorax opened and artificial 
respiration turned on; heart-lung ligatures placed in position; cannule placed in left 
subclavian artery, azygos vein, and upper branch of right pulmonary artery; Chicago blue 
injected into tibial vein, and blood released into the pressure cannulaB; pericardium snipped, 
and cannula rapidly inserted into left auricular appendix; tracing of normal pressures taken; 
cannulas inserted into brachio-cephalic artery and superior vena cava; aorta (beyond sub¬ 
clavian) and inferior vena cava tied and the heart-lung circuit thrown in. 

Apparatus, The general plan of this is too familiar to require description, comprising as 
usual an air cushion, arterial resistance, warming spiral, and venous reservoir. It was 
adapted to the present experiments by three modifications: (a) The whole was immersed 
in a water bath, filled to a constant level, and kept at 38-40°C. (6) The venous reservoir 
was fitted with a “keel” of lead piping, and floated in the bath; this ensured that the con¬ 
tained blood, whatever its amount, was always at the same level above the table (very near 
approximation), (c) Between the reservoir and the venous cannula, a glass tap, with a long 
arm and circular scale, was inserted. This enabled the inflow into the preparation to be 
controlled, and as the blood passing through the tap was at a constant head of pressure, 
the actual rate of inflow was known from the position of the tap. 

For these experiments, the venous inflow tap was kept in a position 
corresponding to a flow of 115 c.c. per minute. This rate, however, is that 

19—2 



292 


W. H. NEWTON. 


observed with the venous cannula at table level, and emptying against 
zero pressure. The actual rate of inflow at any moment during an experi¬ 
ment depends upon the height of the superior vena cava above the table, 
and the pressure in this vessel as recorded from the azygos vein. The 
corrected inflow was read off from a chart, on which the flow was plotted 
against the height of the cannula above the table; it was assumed that 
a pressure of x mm. of saline in the superior vena cava, itself y mm. above 



Fig. 1. Showing changes of pressure on establishment of heart-lung circuit: on the right 
is seen evidence of temporary arrhythmia foUowed by a fall in aortic and a rise in left 
auricular pressure. From above downwards: superior vena cava, left auricular, aortic 
and pulmonary arterial pressures. Left-hand scales in cm. H,0. Right-hand scales 
in mm. Hg. 

the table, was equivalent to a height oi x + y mm. of the open cannula 
above the table. 

The arterial resistance was always in the neighbourhood of 100 mm. Hg. 
Results, Fig. 1 shows that the change-over itself is associated with no 
pressure changes but what might be expected, with the exception that 
the pulmonary arterial pressure is rather high. The abnormal level of 
this (30-40 mm. Hg) was a constant feature; it was higher in the heart- 
lung preparation where the resistance was 100 mm. Hg than when the 
circulation was intact and the systemic pressure twice this figure, e,g, 
just after tying off the brachio-cephalic artery. 
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Shortly after the heart-lung circuit was established, the tracings and 
the appearance of the heart indicated a failure of the cardiac muscle. The 
heart became dilated, the output and aortic pressure fell, and the left 
auricular and superior vena cava pressmes rose. The pulmonary arterial 
pressure rose, or was already high. Usually the left side of the heart 



Fig. 2. Left-hand tracing: pressures before establishment of heart-lung. Right-hand 
tracing: pressures immediately after establishment of heart-lung, showing sudden rise 
in left auricular pressure, with a falling aortic pressure. The secondary variations are 
due to attempts to restore normal pressures by addition of glucose and insulin. Upper 
scales in cm. H,0; lower in mm. Hg. 


failed before the right, as is shown in Fig. 2, where the rise in left auricular 
and fall in aortic pressure take place before there is any appreciable 
change in the vena cava. Sometimes the reverse was the case (Fig. 3), 
and frequently the left auricular and vena cava pressures went up together. 
In a number of experiments these events were temporary, and the heart 
settled down to a steady condition with both venous pressures somewhat 
raised. 
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The effects of adding adrenaline and glucose (isotonic) to the venous 
reservoir are shown in Figs. 4 and 5 respectively. In both cases the venous 



Fig. 3. Left- and right-hand tracings: pressures immediately before and immediately after 
establishment of heart lung, respectively. Right-sided heart failure shown by rising 
pressure in superior vena cava. The final drop in pulmonary arterial pressure, and the 
transmission of ventricular pulsations to the vena cava, indicate complete valvular 
incompetence. The falling aortic pressure is chiefly due to diminished inflow from right 
heart. Upper scales, cm. H^O; lower scale, mm. Hg. Signals, left to right; outputs, 
95 c.c. per min., 60 c.c. per min., and 0 c.c. per min. Last signal also gives alignment 
of tracings. 

pressures were lowered, and the output and aortic pressure raised. 
Glucose had no marked effect upon the pulmonary arterial pressure, 
while adrenaline either raised or lowered this. 
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The addition to the reservoir of blood, which had been kept for a day 
or more in the ice chest, was observed to produce in an exaggerated degree 
the same effects which have been described as taking place shortly after 
the establishment of the heart-lung preparation. Fig. *6 shows the termi¬ 
nation of the experiment in which this was first noticed. Careful exami¬ 
nation of tracings revealed a suspicion of the same results when blood, 



KM 



Fig. 4. Tracings from above downwards in both experiments: superior vena cava, left 
auricular, aortic and pulmonary arterial pressures. Upper scales in cm. HgO, lower 
scales in mm. Hg. The effect of adrenaline. 

Fig. 5. Order of tracings as in Fig. 4. Effect of adding 25 c.c. isotonic glucose solution to 
reservoir. 


which had been kept in reserve only from the beginning of the experiment, 
was added to the reservoir. The procedure hitherto observed in making the 
preparation was accordingly modified, in that the blood used for the 
initial filling of the reservoir was taken from the second cat after all the 
cannulse were in position, and not as usual before the heart-limg opera¬ 
tion was commenced. After the intravenous injection of Chicago blue, 
the cat was bled into a beaker and the blood poured through a gauze 
filter, straight into the venous reservoir; only a few minutes elapsed 













Fig. 6. Order of tracings as before. Left-hand scales in cm. HiO, right-hand ^scales in 
mm. Hg. 30 c.c. blood having been removed from the reservoir, 30 c.c. 24-hour-old 
blood (from ice chest) warmed and added to reservoir. Note rise in pulmonary arterial 
pressure and failure of both sides of heart. 
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Fig. 7. EfiEect of adding to the reservoir 26 c.c. blood, kept for one hour, and taken originally 
from the same oat at the same time as the blood already in the reservoir. Upper 
scales, cm. HjO. Lower scales, mm, Hg. 
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before it was circulating. In experiments performed in this way, the cardiac 
efEects were much more gradual in onset, and the preparation lasted for 
about 2 hours before the appearance of oedema. Fig. 7 is taken from one 
of these, in which a little of the blood was kept and added to the reservoir 
later; the effect on the heart and pulmonary vessels is well marked. In 
Fig. 8 is recorded a similar experiment, in which the effects of the reserve 
blood and of histamine are seen side by side; there is a great similarity 
between them, and this is emphasized by the additional record of tracheal 
pressure. 

The method of recording tracheal pressure was suggested by Dr H. P. Gilding. The 
pump was 01 a type similar to Starling’s **ideal” pump [Starling, 1926], such that 
’'expiration ” took place througU a yaire, which was automatically closed during inflation. 
The record (water manometer, float recorder) therefore indicates the pressure required to 
inflate the lungs with a given volume of air; this will be greater during bronchial constric¬ 
tion, and less during bronchial dilatation, and it may be affected in other ways. 

Following the moderate rise in tracheal pressure on addition of his^ 
tamine, the large and abrupt rise was almost certainly due to the onset of 
pulmonary oedema; at the point marked there was a sudden and copious 
flow of fluid from the tracheal cannula. Also, the onset was so rapid and 
followed so closely upon the administration of histamine, that there can 
be little doubt of this being the cause in this experiment. The subsequent 
fall in tracheal pressure followed upon the addition of adrenaline. 


Discussion. 

The first series of experiments requires no comment. The discussion of 
the results of the second series will be facilitated by stating the main 
conclusion at once, namely, that from the time it is shed, the blood de¬ 
velops a toxicity which is manifested in two ways, by an action on the 
cardiac muscle and by an action on the pulmonary circulation; both of 
these contribute to the production of pulmonary oedema. 

1. The heart musde. Patterson and Starling [1914] stated that 
‘‘when failure occurs under a maximal load, either the right or the left 
side of the heart may fail before the other side,’’ As an index of the 
former they took a high venous pressure; of the latter, pulmonary oedema. 
This view of oedema as being obstructive in origin prevails in the litera¬ 
ture, and is supported by experiments in which the heart has been 
subjected to damage of the left side, or to an excessive load. Lambert 
and Gremels [1926], however, observed no signs of cardiac failure in 
their experiments on the dog heart-limg. 
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In interpreting the results of the present work, a rising left auricular 
and falling aortic pressure can only indicate inability of the left side of the 
heart to pass on blood entering from the lungs, while a steady high left 
auricular pressure must mean an output maintained with difficulty. 
Whether or not the condition of the right heart is affected, its output in 



Fig. 8. Complete experiment, showing effects of reserve blood (same sample as alrea<ly in 
reservoir, but kept standing for 22 min.), histamine, and adrenaline. P.O. = pulmonary 
oedema. Signals: output 102 c.c. per min.; output 107 c.c. per min.; output 112 c.c. 
per min.; 25 c.c. reserve blood; output 100 c.c. per min.; 0*05 mgm. histamine; output 
45 c.c. per min.; output 67 c.c. per min.; 0-1 mgm. adrenaline. After “P.O.” superior 
vena cava pressure of no significance. 

the first case is greater than that of the left, and in the second case is 
sufficient to supply enough blood to keep the left ventricle adequately 
dilated. In this sense, we may speak of a “relative incompetence ” of the 
left side of the heart, and as the inflow and resistance are low and con¬ 
stant, the occurrence of this is referred to the condition of the cardiac 
muscle. The incompetence, as indicated by the left auricular pressure, 
was slowly progressive in the later experiments, but came on rapidly 
in the earlier ones; in these, the heart then either failed entirely, or 
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temporary equilibrium was attained, being preceded in some cases by a 
great measure of recovery. 

In an attempt to correlate the height of the left auricular pressure with 
the incidence of cedema, eleven experiments were arbitrarily divided into 
two groups, those in which oedema developed within one hour, and those 
in which it did not. With times from the establishment of the preparation 
as abscissse, and pressures as ordinates, two areas were plotted, each 
containing all the auricular pressures of one group up to the end of an 
hour. Although the pressures of the first group were in general higher 
than those of the second, the two areas overlapped. Moreover, within the 
first group the preparations with the highest pressures were not always 
those which developed oedema most rapidly, and preparations in the 
second group developed oedema in course of time. It seemed, therefore, 
that while a damming up of blood in the lungs predisposed to oedema, 
some other factor was at work. 

A rising pressure in the superior vena cava has been taken as indicat¬ 
ing a failure of the right heart to propel through the lungs the blood it is 
receiving. The experiments do not indicate whether this is due to feeble¬ 
ness of the muscle, augmentation of inflow from the coronary circulation, 
or increased obstruction in the pulmonary circulation. The inflow from 
the reservoir at any moment could be calculated approximately from the 
superior vena cava pressure; this calculated inflow agreed fairly w’‘eU with 
the observed output when this was taken. In different preparations, the 
same left auricular pressure may be combined with varying rates of flow, 
and it was thought possible that the amount of blood passing might be 
an additional factor in the causation of oedema, but this is not the case. 
Areas plotted as described above, but with some combination of left 
auricular pressure and flow as ordinates instead of simple left auricular 
pressures, showed no greater separation than before. The degree of right 
heart failure, therefore, seems to have little to do with the question. 

2. The pulmonary circulation. Most of the relevant tracings have been 
transferred to squared paper, and the pressures plotted in the same units 
(mm. HgO). These show conclusively that the left auricular and pul¬ 
monary arterial pressures change independently of one another; one 
may rise while the other is falling, quite spontaneously. When kept 
blood is added to the venous reservoir, the rise in pulmonary pressure is 
much too large to be accounted for by a damming back of blood from the 
left heart. In Fig. 7 it is five times as great as the rise in left auricular 
pressure; in the same experiment the inflow was increased to give the 
same rise in left auricular pressure, and the rise in pulmonary pressure 
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was almost identical with it. Such findings suggest strongly that the 
blood has a separate action on the vessels of the lung. Moreover, by again 
grouping the experiments into those giving and those not giving oedema in 
an hour, and plotting areas as before, it was found that these separated 
completely after the first 26 minutes, if the products of left auricular 
and pulmonary arterial pressures were taken as ordinates instead of left 
auricular pressures alone. With pulmonary pressures alone as ordinates, 
the areas showed no separation whatever (Fig. 9). This means that a high 
pulmonary pressure reinforces a high left auricular pressure in the pro¬ 
duction of oedema, and is in accordance with the impression gained from 
examination of the individual tracings. The probable length of an experi¬ 
ment can be predicted by watching the progress of these two pressures and 
the relation between them. 

How a high pulmonary arterial pressure can predispose to oedema is 
difficult to say. If it is due to constriction of the arterioles, the capillary 
pressure ought not to be unduly affected; if it is due to capillary constric¬ 
tion, it is not easy to explain the congested appearance of the lungs just 
prior to the onset of oedema. It may be that a simultaneous arteriole 
constriction and capillary dilatation occur; this is supported by the fact 
that histamine, which might be supposed to have some such action, gives 
a very similar tracing to kept blood. In the experiment illustrated in 
Fig. 8, this similarity is seen to extend to the effect on tracheal pressure 
(probably a constriction of the bronchioles) and to the production of 
oedema. Mautner and Pick [1929] state that, in the dog, histamine 
causes constriction of the pulmonary veins. 

The double action of adrenaline cannot be explained without further 
experiments. The dose which gives a fall in pulmonary pressure in Pig, 4 
has been observed to give a rise upon other occasions. The remaining 
pressures are altered in the same way in both cases, emphasizing the fact 
that the pulmonary arterial pressure is largely independent of cardiac 
events. Blood, even if old, which has had adrenaline added to it, has the 
same effect as the latter. 

3. The coronary circulation. No measurements of coronary flow have 
been made, but there is little doubt that, when this is done, the general 
scheme as here presented will have to be modified. Lambert and 
G r e m e 1 s [1926] observed a steady increase throughout their experiments, 
and attributed the rise in pulmonary pressure partly to this and partly to 
obstruction from the oedema itself. Dilatation of the coronary arteries 
could be made, theoretically, to account for many of the phenomena 
observed, but this would involve the assumption of a coronary flow so 
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large as to embarrass both sides of the heart. Also, adrenaline, which is 
known to dilate the coronary arteries, has a very different action from 
that of kept blood (Fig. 4), while the improvement of the heart after 
glucose (Fig. 6) points to the muscle rather than the vessels as having 
been affected. 

4. The ventilation of the lungs. It is probable that the rise in tracheal 
pressure (Fig. 8) after the addition of kept blood and histamine is due to 
a constriction of the bronchioles; this is further suggested by the fall after 
adrenaline, which is known to cause broncho-dilatation. Simultaneous 
circulatory changes, however, may play some part, particularly back¬ 
pressure from the left auricle. When very fresh blood was used, and deterio¬ 
ration of the preparation gradual, the rise in tracheal pressure was also 
gradual, and it seems likely that this would be due to congestion or to 
the accumulation of fluid in the alveoli; the second rise after histamine, 
in Fig. 8, was almost certainly due to the fluid which appeared a few 
minutes later in the tracheal cannula. A possible effect of vascular condi¬ 
tions upon pulmonary ventilation has been observed in man by Camp¬ 
bell and Poulton [1927]. 

5. The blood. In the earlier experiments, when the blood stood while 
the preparation was being made, the pressure changes were observed very 
early and in a marked degree; in many cases they returned towards the 
normal after about 10 minutes. When the blood was used immediately 
after shedding, the pressure changes were gradual and progressive for 
about 2 hours; but transient, although marked, changes (Figs. 7, 8) could 
be superimposed upon the main tracing by the addition of a small 
quantity of the identical blood which had been kept for half an hour and 
not used in the circulation. It is apparent, therefore, that from the time 
it is shed the blood progressively becomes toxic, and this toxicity is 
partially inhibited by passage through the heart-lung preparation; the 
length of an experiment seems to depend upon which process gains 
ascendancy at the beginning. Occasionally, freshly shed blood had a 
positive beneficial action on the heart, while still increasing the pulmonary 
pressure; the effect was exactly the same as that of adrenaline, and was 
attributed to the presence of this substance in the blood, which had been 
obtained in each case by abdominal pressure from a cat already bled. 

Freund [1920], working on the intact animal, described a transient 
depressor action of defibrinated blood, followed by the development of a 
pressor action. He postulated “ Frtihgifte ” and “ Spatgifte ” to account for 
these, Zipf [1931] has identified the depressor component of Freund’s 
Friihgifte with adenylic acid, which he has shown to be present in freshly 



PULMONARY (EDEMA IN THE CAT. 


303 


defibrinated blood; he was unable to demonstrate either depressor activity 
or adenylic acid in oxalated or heparinized blood. He quotes several 
observers, in addition to himself, who have reported the absence of his¬ 
tamine in freshly shed blood. Phemister and Handy [1927] described 
a depressor, giving way to a pressor, action of shed heparinized blood; 
neither of these appeared in the absence of trauma, and they related 
them to the occurrence of small and large degrees of haemolysis respect¬ 
ively. Histamine would not account for their results. Blood vessels 
rapidly acquired the power of resisting the dilator effect. Eichholtz and 
Verney [1924] demonstrated that “ Vasotonins appearing spontaneously 
in defibrinated blood are inactivated during the passage of this blood 
through a heart-lung preparation.” 

Apart from the power of the tissues to overcome the toxic action, the 
results recorded in this paper cannot be correlated in detail with those of 
the observers just quoted. The blood has been subjected to no more 
trauma than that involved in collecting it in a beaker and transferring it 
to the venous reservoir, while its activity increases simply on standing. 
Its effects arc unlike those of adenylic acid, which, for instance, causes 
relaxation of the bronchioles [Bennet and Urury, 1931], and bear a 
striking resemblance to those of histamine. Whether its action on the 
systemic vessels is pressor or otherwise has yet to be determined, and the 
question must be left open. Microscopic sections confirm the findings of 
Lambert and Gremels [1926] as to capillary damage in the lungs. 


Conclusions. 

1. The pulmonary oedema which occurs in the cat heart-lung pre¬ 
paration is primarily due to a toxic activity of the blood which is used. 
This blood is rendered incoagulable by the intravenous injection of 
Chicago blue, and develops its toxic properties simply upon standing. If 
used immediately, the onset of oedema is delayed. 

2. Its action is on the heart, pulmonary circulation, and probably 
bronchial muscle. In the heart it causes weakening of the muscle, acting 
predominantly upon the left side which is relatively incompetent (in a 
sense defined), thereby producing an increased intracapillary pressure in 
the lungs. In the pulmonary circulation it causes a rise in arterial pres¬ 
sure ; the significance of this may be only as an index to a simultaneous 
toxic action upon the capillaries. 

3. Almost identical reactions are provoked by histamine. The effects 
do not correspond with those reported by others for adenylic acid. 
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4. Adrenaline may produce either a rise or fall in the pulmonary 
arterial pressure, but its cardiac action is constant and the reverse of that 
of shed blood and histamine. Glucose has the same cardiac effect as 
adrenaline. 

5. The passage of the blood through the heart-lung preparation 
reduces its toxicity. 

1 wish to thank Prof. C. Lovatt Evans and Dr H. P. Gilding for 
advice throughout the course of this work. 
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INHIBITION OF THE ANAPHYLACTIC REACTION 
BY CONGO RED. 

By J. GORDON and J. M. ROBSON. 

{From the Departme/nt of Pathology and Bacteriologyy 
University of Leeds, and the Macaulay Laboratory, 

Institute of Animal Genetics, University 
of Edinburgh.) 

In a recent paper Nicolacff and Goldberg [1930] showed that the 
anaphylactic reaction in guinea-pigs could be inhibited by a number of 
substances including Congo red. The intraperitoneal injection of congo 
red into sensitized animals 10-30 minutes before the administration of 
the specific antigen prevented the subsequent development of the anaphy¬ 
lactic reaction. In view of the fact that previous observers [Klopstock, 
1924; Hanzlick and Butt, 1928; Gordon, 1930] have shown that the 
dye interferes with a number of immmiological processes, it appeared of 
interest to investigate in greater detail the factors involved in the anaphy¬ 
lactic interference phenomenon. 

Experimental. 

Immature guinea-pigs weighing about 150 g. were sensitized by the 
subcutaneous injection of 0-2 c.c. of rabbit serum. After an interval of 
18 days or more, experiments were performed on 58 sensitized animals 
comprising 33 animals injected with congo red and 25 controls. The 
former were injected into the peritoneum with 5 c.c. of a 1 p.c. solution 
of Congo red in normal saline. After an interval of half an hour 10 c.c. of 
rabbit serum was again injected intraperitoneally. The results obtained 
are set out in Table I. It will be noted that the mortality in the animals 
injected with congo red was much less marked than in the control group; 
only 1 of the guinea-pigs died within 2 hours and 24 of the animals 
showed little or no effect, while 20 out of the control group died within 
2 hours and the remaining animals either died subsequently (3) or showed 
severe symptoms (2). These experiments clearly indicate that congo red 
inhibits or decreases the anaphylactic reaction. 
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Table 1. To show the eSeots of oongo red on the anaphylactic reaction in guinea-pigs. 
Animals injected with Congo red. 





Died 

Symptoms 

_A___ 

Exp. 

Animals 

Within 


t - 

-\ 

Mild or 

No. 

used 

2 hr. 

Next day 

Severe 

nil 

1 

5 

— 

_ 

_ 

6 

2 

5 

— 

— 

— 

5 

3 

3 

— 

2 

1 

— 

4 

4 

— 

1 

— 

3 

5 

3 

— 

1 

— 

2 

6 

3 

— 

1 

— 

2 

7 

10 

1 

2 

— 

7 


Total 33 

1 

7 

1 

24 



Control animals. 



1 

5 

5 


_ 

_ 

2 

2 

2 

— 

— 

— 

3 

2 

2 

— 

— 

— 

4 

3 

1 

— 

2 

— 

5 

2 

2 

— 

— 

— 

6 

1 

1 

— 

— 

— 

7 

10 

7 

3 

— 

— 


Total 26 

20 

3 

2 

— 


In order to investigate the factors responsible for this inhibition, ex¬ 
periments on the isolated uterus of sensitized animals were performed. 
The horns were suspended in 100 c.c. of Ringer-Locke solution; tem¬ 
perature (37° C.) and oxygen bubbling were maintained constant and 
records were taken on a smoked drum with lightly balanced lever. After 
the base line had become constant, 4 c.c. of a 1 p.c. solution of congo red 
were added to the bath (giving a concentration of 1 in 2500); an interval 
of at least half an hour was allowed to elapse and rabbit serum was then 
added (usually 0-01 c.c.). No effect was obtained, although the control 
horn kept under similar conditions gave a positive anaphylactic reaction. 
On changing the solution and allowing a suitable interval to elapse, the 
addition of rabbit serum to the bath now brought about a contraction. 
Fig. 1 illustrates the effects observed on adding rabbit serum to the bath 
in the presence and subsequent absence of congo red. Between the two 
tracings the solution was changed twice and an interval of about 1 hour 
elapsed. It is therefore seen that the in vitro congo red inhibition is 
reversible in nature. 

It appeared possible that the presence of congo red might interfere 
with the contractility of the uterine muscle, and the response of the 
uterus to a number of drugs was therefore investigated. It was found that 
the presence of the usual amounts of congo red in the solution did not in 
any way interfere with the reaction of the muscle to pituitrin. The 
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response to Wstamine was also investigated. Eepeated additions of this 
drug are followed by a decrease in the height of the contraction (the 
solution being changed after each addition), but as far as could be ob¬ 
served Congo red did not cause any decrease in the contraction. Nor was 
the inhibitory action of adrenaline interfered with by the dye. It must 
therefore be concluded that the action of congo red is not dependent on 
an interference with the contractility of the uterine muscle. 



Fig. 1. To show effect of congo red on the anaphylactic response of the isolated guinea-pig 
uterus. A. Effect of 0*01 o.c. rabbit serum in presence of congo red. B. Effect of 
0*01 c.o. rabbit scmm after changing the solution. Time intervals = 1 min. 


If it be assumed, as at present accepted [Dale, 1929], that the 
anaphylactic phenomenon is due to an antigen-antibody reaction inside 
the cell, the experiments described above are capable of two interpreta¬ 
tions. Firstly that congo red interferes with the entrance of the antigen 
into the cell, or secondly that it interferes with the antigen-antibody 
reaction. A series of experiments was designed to test the effect of congo 
red on a number of other antigen-antibody reactions. 

Ox serum was injected on several successive occasions into rabbits 
and a precipitating antiserum was thus prepared. To tubes containing 

20—2 
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1 c.c. of this antiserum (rabbit serum) were added O-l, 0-2 and 0‘3 c.c. of 
a 1 p.c. solution of congo red in normal saline. The mixtures were allowed 
to stand on the bench for half an hour and ox serum was then added to 
each of the tubes in amounts of 0*2, 0-1, 0*02, 0-01 and 0-005 c.c. Similar 
control experiments without congo red showed that congo red did not 
interfere with the precipitin reaction, for precipitation occurred at the 



Fig. 2. To show the effect of congo red on the response of the isolated guinea-pig uterus 
to pituitrin. A. Effect of 0*05 U. pituif rin. No congo red present. B. Effect of 0-05 U. 
pituitrin in presence of Congo red, C. Effect of 0*05 U. pituitnn. No congo red present. 
Time intervals = 1 min. 

same titre in both sets of tubes. Similar experiments were performed 
with agglutinating sera (B, typhosus, B. paratyphosus A and B, paraty- 
phosus B) and in no case did congo red cause any interference with the 
fl-ggliitinating reaction which is again an antigen-antibody reaction. 

Further confirmation of the view that congo red does not interfere 
with the antigen-antibody reaction was afforded by an in vivo experi¬ 
ment. Twelve rabbits were used and to six of them 10 c.c. of a 1 p.c. 
solution of Congo red in normal saline were injected intravenously daily 
for 6 days. The twelve animals were now injected intravenously with 
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2 c.c. of a goat serum which had a marked agglutinating action on the 
rabbit’s red blood corpuscles. All the rabbits were very rapidly affected 
and died in periods varying from 5 minutes to several hours. The histo¬ 
logical sections showed that the capillaries were full of agglutinated red 
blood corpuscles. 

The rabbits which had been injected with Congo red showed no dif¬ 
ferent reactions from those which had not been treated with the dye. When 
tested in vitro the goat serum had the same agglutinating action on 
rabbits’ red blood corpuscles in the presence of Congo red. 

It may therefore be concluded that congo red does not interfere with 
the union of various antigens or antibodies. 


Discussion. 

The experiments described in the early part of the paper clearly 
demonstrate that congo red can inhibit the anaphylactic reaction in 
guinea-pigs, for the injection of antigen into animals treated with congo 
red produced no effect in the majority of cases. A similar effect can be 
observed in experiments on the isolated uterus of sensitized animals; it 
has been shown that the addition of congo red to the solution prevents 
the subsequent reaction to the antigen. The presence of congo red in the 
solution is actually necessary for this inhibitory phenomenon, for if the 
solution is changed the reactivity of the uterine muscle gradually returns 
and the anaphylactic response can, after a suitable interval, again be 
obtained. The in vitro inhibitory action of congo red is therefore definitely 
reversible in nature. 

The failure of the antigen to cause contraction of the muscle appears 
to indicate that the intracellular antigen-antibody reaction responsible 
for the anaphylactic phenomenon is interfered with by the dye. As it has 
been shown that the contractility of the muscle to pituitrin and histamine 
remains unimpaired, it seems likely, therefore, that either (1) the diffusion 
of antigen into the cell is not taking place, or (2) the formation of the 
antigen-antibody complex is inhibited. This latter suggestion appears 
rather unlikely in view of the failure of congo red to interfere in any way 
with a number of antigen-antibody reactions. Similar evidence is afforded 
by the experiments of Gordon [1930], who showed that congo red did 
not prevent the adsorption of haemolytic immune body on to red blood 
corpuscles. It seems likely, therefore, that congo red actually interferes 
with the entrance of antigen into the cell. On changing the solution the 
dye is removed and the usual reaction can again take place. 
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It appears probable that the in vivo inhibitory phenomenon is de¬ 
pendent on a reaction of the nature described above for the in vitro 
effects, and that the concentration of dye sufficient to interfere with the 
entrance of antigen into the cell actually occurs in the animal’s body 
fluids. The possibility of this occurrence is strongly supported by the 
finding of Bolton [1921] that Congo red is very rapidly absorbed into the 
blood stream when injected into the peritoneal cavity. Whether Congo 
red can interfere with the absorption of the antigen from the peritoneum 
and thus produce an additional factor in preventing the development of 
the anaphylactic reaction has so far not been considered here, and the 
data at our disposal do not make it possible to eliminate this explanation. 

Summary. 

The intraperitoneal injection of Congo red shortly before the injection 
of antigen interferes with the subsequent development of the anaphy¬ 
lactic reaction in sensitized guinea-pigs. 

Congo red can prevent the in vitro anaphylactic reaction of the 
guinea-pig uterus, 

Congo red does not interfere with the contractility or reactivity of the 
uterine muscle. 

Congo red does not interfere with a number of in vitro and in vivo 
antigen-antibody reactions. 

It is suggested that the dye interferes with the entrance of antigen 
into the cell. 

We should like to express our indebtedness to the Medical Research Council for a grant 
in aid to one of us (J. G.). 
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THE CARBOHYDRATE METABOLISM OF THE 
ISOLATED HEART OF THE FROG. 

By A.. J. CLARK, R. CADDIE and C. P. STEWARTS 


{From the Departments of Materia Medica and Medical Chemistry, 
University of Edinburgh,) 


I. Changes in carbohydrate content during perfusion. 

The authors noted in a previous paper [1931] that, after frogs’ hearts 
had been perfused for 6 hours with Ringer’s fluid, the average content 
of reducing substances was 1*57 p.c., which was higher than the average 
obtained with unperfused hearts (1-42 p.c.); moreover, during perfusion 
sugar was excreted equal to 0*14 p.c. of the heart weight. Our figures 
therefore showed a clear increase in reducing substances during per¬ 
fusion. We repeated these observations on a fresh series of frogs, using 
the same methods as before. The only change was that a Barcroft 
apparatus was used with a large bulb in which three hearts could be 
placed. This represented an important saving in time. In addition to 
measuring the changes in carbohydrate content, etc., in hearts perfused 
with Ringer’s fluid, we also investigated hearts perfused for 6 hours 
with fluids that depressed the mechanical activity of the isolated heart, 
e,g, calcium-poor Ringer’s fluid and Ringer’s fluid containing 0*9 molar 
ethyl alcohol. The carbohydrate content of the frogs’ hearts varied, 
both as regards the season of the year and the duration of captivity, 
and therefore control estimations on unperfused hearts were made 
throughout the course of the experiments. The values obtained at 
different periods are shown in Table I. The effects of perfusion on the 


Table I. Total reducing substances in unperfused hearts. 


Period 

(a) April, lOSWuly, 1931 
(h) Oct. I 93 I-.N 0 V. 1931 
(c) Dec. 1931-Jan. 1932 


Average p.c. 


No. of 

Average weight 

of reducing 

hearts 

in g. 

substances 

24 

0147 

1-228 

20 

0165 

M97 

10 

0124 

1-663 


^ Carnegie Teaching Fellow. In receipt of part-time grant from the Medical Research 
Council. 
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hearts are shown in Table 11. In the experiments with calcium deficiency 
and alcohol the perfusion fluid was adjusted so that the heart’s activity 
was reduced until it just maintained a circulation. Table II shows that 


Table II. 



Nature of 

Dura¬ 

tion 

of 

per¬ 

fusion 

No. 

Average 

heart 

Reducing 
subst-ance 
in p.c. 

(fl) Per- 

Sugar Nitrogen 
ex- ex¬ 

creted creted 
per T)er 

Oxygen 

used 

per 


Loss or gain 
of reducing 
substance after 
perfusion in 
mg. per heart 

Date 

perfusion 

in 

of 

wt. 

fused 

(A) Con¬ 

heart 

heart 

heart 


,— — 

— 

(1931) 

fluid 

hours liearts 

in g. 

hearts 

trols 

in ing. 

in rug. 

in c.c. 

B.Q. 

Loss 

Gain 

April- 

June 

Nonnal Kinger’s 
fliud 


11 

0-151 

0-870 

1-228 

0-055 

0-003 

1-2G 

0-89 

0-48 


Dec. 

do. 

24 

9 

0-120 

0-9GG 

1-553 

— 

— 

— 

— 

<0-70 

— 

May 

Ringer containing 
about 0‘004 p.c. 
CaCl, 

6 

15 

0-109 

1-417 

1-228 

0-024 

0 052 

0-44 

0-87 


0-34 

Oct. 

do. 

6 

15 

0-130 

1-330 

1-197 

0-13 


0-35 

0-88 

— 

0-30 

Oct. 

Ringer containing 
ethyl alcohol 0-9 
molar 

6 

9 

0-152 

0-9G9 

1-197 

0-29 

0-031 

0-45 

0-85 

O-OG 


Oct. 

Ringer plus 5 p.c. 
inositol 

6 

9 

0-147 

0-G85 

M97 

0-2G 

0-023 

0-60 

0-80 

050 

— 


perfusion for 6 hours with Ringer’s fluid caused a loss of reducing sub¬ 
stances. In our previous experiments, already mentioned, we found an 
increase under these conditions. The loss of 0*48 mg. per heart shown 
by the averages in the present experiments was largely due to unusually 
low values obtained with three hearts in one experiment. The remaining 
eight hearts showed an average loss of only 0*27 mg. reducing substance 
per heart. Hearts suffering from lack of oxygen rapidly turn carbo¬ 
hydrate into lactic acid, hence any error in the technique of perfusion 
will tend to produce a loss of reducing substance; wa believe that the loss 
in this case was due in part to an experimental error, particularly because 
the 24-hour experiments showed only a slightly greater loss of reducing 
substances. 

The experiments with inositol were made to see if this substance 
spared the carbohydrate content of the heart. The hearts were definitely 
injured by the presence of inositol as is shown by their low oxygen con¬ 
sumption, hence the carbohydrate loss in this case has little significance, 
except that it shows that inositol does not spare the carbohydrates in 
the heart. 

The hearts perfused with solutions that reduced their mechanical 
activity and oxygen consumption show either a gain or no significant 
loss of carbohydrate as a result of perfusion. A gain in reducing sub¬ 
stance during 6 hours’ perfusion is shown even if variations in the 
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carbohydrate content of the controls be ignored and general averages 
of all our experiments be taken. From Jan. 1930 to Jan. 1932, 90 esti¬ 
mations were made of the total reducing substance in fresh hearts, and 
the average value of these estimations was 1*32 p.c. total reducing sub¬ 
stance. In the same period 28 hearts perfused with normal Ringer’s 
fluid for 6 hours gave an average total reducing substance content of 
1-30 p.c., and 39 hearts perfused for 6 hours with Ringer’s fluid con¬ 
taining depressants gave an average of 1*28 p.c. The average sugar 
excretion in both cases was equivalent to about 0*1 p.c. of the heart 
weight, and hence the reducing substance in the heart and fluid after 
perfusion in the two cases averaged 1*40 and 1*38 p.c. values, which 
are definitely above the control value of 1*32 p.c. 

Another method of showing our results is to calculate the reducing 
substance recovered as the percentage of the reducing substance present 
in the controls. The two general averages just given for 6 hours’ per¬ 
fusion work out at 105 and 106 p.c. respectively. Table III shows a 


Table HI. Carbohydrate and oxygen usage of hearts. 


Total reducing 
substance as 


Total 

reducing 

substance 

recovered 


Experimental 

Duration 
of per¬ 
fusion 

mg. per g. 

.-^ - > 

Present in 
Present in perfused 

Sugar 
excreted 
mg. per g. 

expressed 
as p.c. 
of that 
present in 

Oxygen 

used 

c.c. per g. 

conditions 

in hours 

controls 

heart 

heart 

controls 

heart 

II. Previous exps. [Clark et al., 1931]: 
Perfused Ringer’s fluid (i 14*2 

15-7 

1-35 

120 

7-6 

9 ^ ^9 99 

Perfused Ringer-serum 

24 

14-2 

7-3 

3-0 

72-5 

18-0 

fl 

14-2 

10-5 

0 

74 

11-4 

mixture 

24 

14-2 

4-8 

0 

34 

22-8 

II. Present exps.: 

Perfused Ringer’s fluid 

6 

12-28 

8-70 

0-36 

74 

8-3 

24 

15-53 

9-66 

— 

62 

— 

Perfused ealeium-poor 

Ringer’s fluid 

Ist series 

6 

12-28 

14-17 

0-14 

116 

2-62 

2nd series 


11-97 

13-30 

1-0 

119 

2-69 

Perfused ethyl alcohol 

6 

11-97 

9-69 

1-9 

96 

2-96 

0*9 molar 


series of values of this kind calculated for both the present experiments 
and certain experiments recorded in our previous paper. In order to 
make the figures comparable they have all been calculated on the basis 
of carbohydrate and oxygen used per g. of heart. 
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The results recorded in Table III are shown as a graph in Fig. 1. 
The figures show a considerable scatter, but taken as a whole they 
indicate that during perfusion a quantity of reducing substance appears 
from some unknown source which corresponds to 20 p.c. of the quantity 
present in the controls or to 0*4 mg. in a heart weighing 0*16 g. 

Similar conclusions have been made by other workers. Wertheimer 
[1930] found no certain change in either the glycogen or total carbo- 

Hines, Katz and Long [1926] showed that the normal glycogen content 



120 

100 

80 

60 

40 

0 

Fig. 1. Relation between oxygen consumption and carbohydrate loss in the perfused frog 
heart. Figures taken from Table III. Abscissa: total oxygen consumption in c.o. 
per g. Ornate: total reducing substance recovered expressed as percentage of values 
found in appropriate controls. 



of the heart muscle of cats was 0-138 p.c., whereas the lactic acid maxi¬ 
mum in rigor mortis was 0-32 p.c. Boy I and [1928] studied the pro¬ 
duction of lactic acid in minced heart muscle of the tortoise and of the 
frog incubated with alkaline phosphate mixture. He concluded that a 
quantity of lactic acid corresponding to between 0*1 and 0-2 p.c. of 
the muscle weight must be produced from a source other than the re¬ 
ducing carbohydrates. This agrees fairly well with the excess of reducing 
substances found by us, which corresponded to about 0-3 p.c. of the 
heart weight. Boy land considered that inositol was a likely source of 
the excess of lactic acid. He found 0-37 p.c. inositol in pig’s heart. He 
found that the inositol in the heart decreased on incubation with phos- 
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phate mbcture, and that addition of inositol to such a system increased 
the amount of lactic acid formed. 

Our conclusion that a certain quantity of reducing substance is 
formed from some non-reducing source agrees therefore with the results 
obtained by other workers. One obvious possible source of error was 
the incomplete hydrolysis in the estimation of total reducing substances. 
The hearts were hydrolysed for 3-4 hours, and the following experiment 
showed that prolongation of the time of hydrolysis did not increase the 
total reducing substances. 

Exp. Eight frog hearts, total weight 0-626 g., were hydrolysed for 24 hours and the 
total reducing substances were estimated in fractions at varying times. (The amount 
found was twice the usual value, but the frogs used were from a different source.) 

Duration of hydrolysis in hours 3 5 7 24 

Total reducing substance found as p.c. of moist weight 2*86 2-83 2*83 2*44 

Exclusion of this source of error left the following problems to be 
investigated: 

(а) The possibility of the presence of non-carbohydrate reducing 
substances which alter in amount during perfusion. 

(б) Possible variation in the amount of lactic acid formed. 

(c) The possibility of inositol being converted into a reducing sub¬ 
stance. 

(a) The nature of the total reducing substance. 

We have previously shown [1931] that the substances included in 
our estimate of total reducing substance or total carbohydrate do not 
include creatine, the most obvious non-sugar likely to be included. Our 
results showing the apparent production of reducing substance during 
perfusion of the heart, however, rendered it necessary to examine more 
closely the nature of the substances estimated. For this purpose we 
used the fermentation method described by Somogyi [1927]. It was 
found that in fresh non-perfused hearts about 90 p.c. of the total re¬ 
ducing substance was fermentable, whereas pure glucose under similar 
conditions was completely fermented. In other words, of the 1*60 g. 
total reducing substance normally present in 100 g. of heart, 0-160 g. 
was non-fermentable. After perfusion for 24 hours the heart still con¬ 
tained 0-144 p.c. of non-fermentable reducing substance. Hence, if we 
are to consider only fermentable reducing substances, the figures for 
total carbohydrate must be reduced by an average amount of 0-150 p.c., 
but as the correction is the same for perfused and non-perfused hearts, 
all conclusions founded on the original figures are unaffected. 
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Although the presence of this non-fermentable reducing substance 
in the heart does not affect our main conclusions, it may possibly help 
to explain the curious fact that we rarely found a perfused heart to 
contain much less than 0*40 p.c. of total reducing substance, even under 
conditions such as anaerobiosis with alkaline perfusing fluid, which ought 
to produce complete exhaustion. 

Rimington [1931] found that a number of proteins, on hydrolysis, 
yielded 3-4 p.c. of a trisaccharide which on further hydrolysis gave 
2 mol. mannose (fermentable) and 1 mol. of glucosamine (non-ferment¬ 
able). Our method of estimating total reducing substance involves a 
fairly prolonged preliminary hydrolysis, which might well split off and 
hydrolyse most, if not all, of this carbohydrate. Now the heart contains 
approximately 8 p.c. of protein which, on the basis of a 3*7 p.c. content 
of trisaccharide, would account for 0-296 g. reducing substance (calcu¬ 
lated as glucose) per 100 g. of heart, and of this one-third or 0-10 g. 
would be non-fermentable. 

The figures show that the residual reducing substance not fermented 
with yeast forms a small fraction of the total reducing substance, and 
that it remains unchanged during prolonged perfusion. The presence 
of this unknown material cannot account for the rise observed in total 
reducing substance during short periods of perfusion. 

(6) The formation of lactic acid. 

The authors have studied this subject and it will be dealt with in a 
later paper. The facts essential to the present discussion are that hearts, 
when perfused with good oxygenation, form scarcely any lactic acid, but 
that interference with the oxygen supply at once causes the breakdown 
of carbohydrate and the production of lactic acid. Any interference 
with the circulation of fluid through the heart may therefore cause a 
loss of carbohydrates. Hence the most probable error in our experiments 
is a conversion of carbohydrate to lactic acid during perfusion, and this 
would tend to increase the apparent loss of carbohydrate without in¬ 
creasing the oxygen consumption. If chemical treatment caused lactic 
acid formation more readily in the fresh heart than in the heart after 
perfusion this might explain the increase in carbohydrate content that 
we observed. 

We found that the lactic acid content of fresh hearts frozen with 
carbon dioxide snow was 0-06 p.c., and treatment with acid at room 
temperature raised this value to 0-09 p.c. This value was the same in 
fresh hearts and in hearts after perfusion, and leaving hearts lying in 
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Ringer’s fluid without oxygenation did not raise this value. We have 
therefore no reason to suppose that lactic acid formation during chemical 
treatment would alter the relative values of the carbohydrate content 
of the fresh and of the perfused hearts. 

(c) Inositol as a source of reducing material. 

Boy land [1928] suggested that inositol might act as a source of 
reducing substances. We found that it was present in the hearts both of 
mammals and skates. 

The method used to estimate inositol in heart muscle was practically that described 
by Needham [1926]. Minced tissue was extracted for 24 hours with acetone, sufficient 
being used to give, with the water already present, a concentration of 70 p.c. acetone. 
The acetone was then removed in vacuo and the aqueous residue precipitated with lead 
acetate, and finally with basic lead acetate and a little ammonia (freshly prepared). The 
former precipitate was discarded, and the latter, which contained inositol, thoroughly 
decomposed with hydrogen sulphide. The clear filtrate obtained after removal of lead 
sulphide was concentrated to a few c.c. on the water bath. Inositol was precipitated by 
alcohol and ether, filtered ofi, dried, and weighed. 

This method was applied to bullock’s heart and to the heart of the 
skate, and their inositol contents were found to be respectively O'lO p.c. 
and 0*073 p.c. of wet heart weight. We were unable to get any proof 
either direct or indirect of the conversion of inositol to hexoses. Various 
workers have described a stimulant action of inositol on the heart 
[Chevalier and Brissemoret (1908, rabbit’s heart); Sachs, 1906; 
Hewitt and de Souza, 1921]. The effects recorded are, however, only 
slight. 

Inositol added to perfusion fluid did not appear to have any carbo¬ 
hydrate sparing action on the heart in presence of oxygen (cf. Table I). 
This is inconclusive, because glucose has little action under such con¬ 
ditions, but the figures also show that no measurable conversion of 
inositol to sugar occurred. We found that glucose had a strong specific 
stimulant action on the heart of the frog exhausted by perfusion with 
alkaline fluid in the absence of oxygen, but inositol produced no benefit 
under these conditions. We cannot therefore produce any evidence in 
support of Boy land’s suggestion. 

II. The metabolism of the isolated frog’s heart. 

Table II shows the carbohydrate balance and oxygen consumption 
in five sets of experiments. In three of these no carbohydrate loss ap¬ 
peared, and in the other two cases the carbohydrate loss was 0*48 and 
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0-50 mg. This last figure corresponds to an oxygen consumption of 
0*5 X 0-76 = 0*38 c.c., which is about 30 p.c. of the oxygen consumption 
recorded with Ringer’s fluid. The figures with inositol are scarcely 
relevant as the hearts were partially poisoned. The respiratory quotients 
obtained all lay between 0-85 and 0*9, and therefore definitely indicated 
a considerable carbohydrate consumption. On the other hand the 
nitrogen excretion was in no case sufficient to account for more than a 
fraction of the oxygen consumption. Pig. 2 shows the general relation 
between nitrogen excretion and oxygen usage found in our present and 
previous experiments [Clark et aL 1931, Table III]. This indicates that 
the excretion of 0*6 mg. nitrogen is associated with 10 c.c. oxygen usage; 



Fig. 2. Relation between oxygen consumption and nitrogen excretion. Figures from 
Table II and from Clark, Gaddie and Stewart [1931, Tables III and X]. Abscissa: 
oxygen consumption in c.c. per g. Ordinate; nitrogen excretion in mg. per g. 

if the oxidation of material containing 1 mg. of nitrogen uses 6 c.c., then 
the oxidation of material containing 0-6 mg. uses 3*6 c.c. The nitrogen 
excretion observed can therefore account for about 36 p.c. of the oxygen 
used. Fig. 1 indicates the essential difficulty met with in our experi¬ 
ments, namely, that the carbohydrate content of the ‘heart and the per¬ 
fusion fluid together only falls to the level of the control values after an 
oxygen consumption of about 6 c.c. per g. of heart, a quantity which is 
used by a heart after about 4 hours’ perfusion with normal Ringer’s 
fluid. The only way to meet this difficulty and to balance the oxygen 
consumption with the metabolic changes is to assume the production 
during perfusion of reducing and fermentable substances amounting to 
about 20 p.c. of the initial content. If this is done an approximate balance 
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can be produced. Fig. 1 shows that, as a general average, the consumption 
of 10 c.c. of oxygen is associated with the disappearance of 40 p.c. of 
the carbohydrate in 1 g. of heart. The general average for our controls 
is 1*32 p.c. reducing substance or 13-2 mg. per g., and 40 p.c. of this is 
6*28 mg. This corresponds to an oxygen consumption of 3‘96 c.c. oxygen, 
or 39*6 p.c. of the oxygen consumed. 

The nitrogenous and carbohydrate metabolism demonstrated can 
therefore account for 36 -f 39-6 or 76 p.c. of the oxygen consumption 
observed, provided that we assume that during the first few hours’ per¬ 
fusion there is a production of reducing substance from non-reducing 
material. The figures thus obtained suggest an equal oxidation of protein 
and of carbohydrate. The figures for nitrogen excretion are, however, 
minimum figures, whereas any experimental errors leading to deficient 
oxidation would increase the carbohydrate consumption by causing 
lactic acid formation. Hence the evidence indicates that oxygen con¬ 
sumption due to protein metabolism is greater rather than less than 
the carbohydrate metabolism. If the metabolism were 60 p.c. protein 
and 40 p.c. carbohydrate, this would give a r.q. of 0*88, and 32 experi¬ 
ments in which hearts were perfused with Ringer’s solution for 6 hours 
gave an average value for the r.q. of 0-87. 

The obvious objection to the hypothesis outlined is that we have 
been unable to discover any probable source for the reducing substance 
that appears in such a mysterious manner. We believe that this will 
have to await further advances in our knowledge of carbohydrate 
metabolism, but have thought it desirable to publish these results be¬ 
cause they indicate that the cardiac metabolism is not so completely 
unlike that of skeletal muscle as was suggested by our previous paper. 

Summary. 

1. At least 90 p.c. of the total reducing substance found in the fresh 
heart is removed by fermentation. The quantity of non-fermentable 
reducing substance does not alter during perfusion. 

2. After perfusion with calcium-poor Ringer the carbohydrate con¬ 
tent of the perfused frog’s heart is higher than that of the controls. 

3. The evidence suggests that a quantity of carbohydrate equivalent 
to about 20 p.c. of the total amount found in the controls is produced 
during perfusion from some unknown source. 

4. We have been unable to obtain any evidence to prove the con¬ 
sumption of inositol by the frog’s heart. 
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6. The assumption that fermentable reducing substance is produced 
from a non-carbohydrate source makes it possible to account for 76 p.c. 
of the oxygen consumption observed. According to this hypothesis the 
carbohydrate consumption would amount to about 40 p.c. of the total 
metabolism, which would give an r.q. of 0*88. 

The expenses of this research were defrayed by a grant made from the Moray Fund 
of the University of Edinburgh to one of us (A. J. C.). 


REFERENCES. 

Boyland, E. (1928). Bio-Chem, J, 22, 362. 

Chevalier, J. and Brissemoret, A. (1908). C. B, Acad. Set. Paris, 147, 217. 

Clark, A. J., Gaddie, R. and Stewart, C. P. (1931). J. Physiol. 72, 443. 

Hewitt, J. A. and de Souza, D. (1921). Ibid. 54,119 P. 

Hines, H. J. G., Katz, L. N. and Long, C. N. H. (1925). Proc. Roy. Soc. B, 99, 20, 
Needham, J. (1926). Ergebn. Physiol. 25, 1. 

Rimington, C. (1931). Bio-Chem. J. 25, 1062. 

Sachs, F. (1906). Pfluegers Arch. 115, 550. 

Somogyi, M. (1927). J. Biol. Chem. 75, 33. 

Wertheimer, E. (1930). Pfluegers Arch. 225, 429. 



6I2. X72.5: 6X2. 0x4.464 


THE ANAEROBIC ACTIVITY OF THE 
ISOLATED FROG’S HEART. 

By a. J. CLARK, R. CADDIE and C. P. STEWARTS 

{From the Departments of Materia Medica and Medical Chemistry^ 
University of Edinburgh.) 

A STUDY of the literature regarding the effect of oxygen lack on the 
heart showed that different workers had obtained very contradictory 
results. Some authors stated that oxygen lack produced an immediate 
and progressive depression, whilst others found that isolated frog’s heart 
could maintain fair activity for more than a day when deprived of 
oxygen. 

Preliminary experiments showed us that the effects produced by 
oxygen lack on the isolated frog’s heart depended on two independent 
variables, namely the amount of carbohydrate available for use by the 
heart and the reaction of the perfusion fluid. The experiments described 
below were designed to determine the influence of these two variables. 
It was found that, by adjustment of the two variable factors mentioned 
above, it was possible to reproduce almost all the widely varying effects 
of oxygen lack reported by previous workers. 

We have shown [Clark, Caddie and Stewart, 1931] that under 
aerobic conditions at least half the material metabolized by the isolated 
frog’s heart is non-carbohydrate. The experiments described below indi¬ 
cate that under anaerobic conditions the only important source of energy 
available for the heart is the conversion of carbohydrate to lactic acid. 
We have therefore studied in detail the production of lactic acid by the 
isolated frog’s heart. 

Methods. 

The method used for the estimation of lactic acid was one recommended by Dr P. 
Eggleton, and was founded on the usual oxidation to acetaldehyde by potassium 
permanganate in presence of sulphuric acid and manganous sulphate, absorption of the 
distilled aldehyde in bisulphate and titration of the bound bisulphite with iodine. The 
iodine was standardized every day by estimation of lithium lactate, and the method was 

^ Carnegie Teaching Fellow, In receipt of part-time grant from the Medical Research 
Council. 
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periodically checked by eetimation of lithium lactate, the iodine being then standardized 
by one of the usual methods. The actual recovery of laotio acid was found to be between 
94 and 96 p.c. of that known to be present. 

The following two methods were used for perfusion of the hearts: 

Method 1. Perfusion of the whole frog’s heart with cannulsB in the sinus and the aorta 
[of. Clark, Oaddie and Stewart, 1931]. 

Method 2. Perfusion of the isolated ventricle with a cannula in the aurioolo-ventricular 
opening, and arranged so that isochorio records could be taken when desired. (An apparatus 
of this type is illustrated by Clark [1927, Fig. 1].) We stirred the fluid in the cannula 
either with air or nitrogen, and in the latter case closed the cannula with a rubber stopper 
fltted with a jet for the escape of gas. The nitrogen was rendered oxygen-free by passing 
through a heated quartz tube containing copper fllings. 

The standard Ringer’s fluid used had the following composition p.c.: NaCl 0*65, KCl 
0*015, CaCl 2 0*012, Na phosphate 0*02, pH 7*6. In the experiments with alkaline Ringer’s 
fluid NaHCOj 0*05 p.c. was substituted for the phosphate, and when gas was bubbled 
through this the pH rose to about 8*5, No glucose was added except in those cases where 
its addition is mentioned. 


(i) The lactic acid content of the fresh heart 
OF the frog. 

Table I shows figures given by various authors for the lactic acid 
content of the fresh hearts of various animals. 


Table I. The lactic acid content of fresh hearts. 


Author 

Tortoise and Redfield and Medearis [1926] Ventricle 


turtle Gemmell [1928] Auricle 

Ventricle 

Boyland [1928] Ventricle 

Rabbit and oat Schenk [1924] Heart 

Katz and Long [1925] Heart 


Lactic acid 
content 
p.c. 

0*04 

0*036 

0*026 

0*22-^*31 

0-0*07 

0*028 


We measured the lactic acid content of the excised frog’s heart both 
in the fresh condition and after keeping, in order to discover how readily 
the lactic acid production could be induced. 

Our results, which are shown in Table II, agree with those already 
quoted (except those of Boyland). Perfectly fresh frogs’ hearts frozen 


Table II. The lactic acid content of the isolated frog’s heart. 

No. of Laotio acid 


expB. p.c. 

Fresh hearts frozen with COj snow 3 0*06 

Fresh hearts dropped into acid at room temp. 5 0*09 

Hearts left soaking for 60 min. in Ringer at room 3 0*09 

temp, and then frozen 

Hearts perfused 30 min. and then frozen 1 0*085 

Hearts perfused 5 hours with oxygen and then frozen 3 0*09 
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immediately contained 0*06 p.c. lactic acid. Under most other conditions 
a value of 0*09 p.c. lactic acid was obtained, but values higher than this 
were not found except where the conditions were definitely anaerobic. 


(ii) The lactic acid maximum of the hearts. 

Table III shows the figures obtained by various authors for the lactic 
acid maxima of the hearts of various animals. 


Table III. Maximum lactic acid content of heart. 


Turtles* and tortoiaea* hearts: 

Turtle ventricle strip suspended in nitrogen 
and stimulated to exhaustion. Redfield and Auricle 
Medearis [1926], Gemmell [1928] Ventricle 

Chloroform rigor. Arning [1927] Ventricle 

Incubation with alkaline phosphate. Boyland 
[1928] 

Frog's heart; 

Chloroform rigor. Arning [1927] 

Babbits' arid cats' hearts: 

Stimulated to exhaustion with asphyxia. Katz 
and Long [1926] 

Rigor mortis. Hines, Katz and Long [1926] 


Lactic acid (p.c.) 
016 
0137 
0141 
0-280 
0-49~0-61 


0143-0-326 

0*072 

0*23 


Boy land’s figures show the effects of incubation with alkaline phos¬ 
phate and are higher than the rest, but the others show that in rigor 
the lactic acid of the heart does not rise above 0*28 p.c., and that the 
cold-blooded heart is arrested when the lactic acid content reaches about 
0*14 p.c. These figures are less than half the corresponding figures found 
with skeletal muscle. 


(iii) The production of lactic acid during aerobic activity. 

Nag ay a [1929] found that when frogs’ hearts were perfused with 
a Straub’s cannula demonstrable quantities of lactic acid were formed. 
After 75 min. perfusion he found about 0*11 p.c. of lactic acid in the 
heart, which was equivalent to about 0*2 mg., and between 1 and 2 mg. 
in the perfusion fiuid. The total production of lactic acid corresponded 
to about 4 mg. per g. per hour. When the hearts were perfused with 
a double cannula only a trace of lactic acid could be demonstrated in 
either the hearts or the perfusion fluid. 

These experiments show that the method of perfusion is of im¬ 
portance, A heart set up with cannulee in the sinus and in the aorta 
and perfused with an oxygenated fluid receives a good supply of oxygen 

21—2 



324 A. J. CLARK, R. GADDIE AND C. P. STEWART. 

and no lactic acid is produced. On the other hand when the heart pumps 
a small volume of fluid backwards and forwards, as is the case with the 
Straub’s cannula, it is in reality sujSering from a partial oxygen lack 
and demonstrable quantities of lactic acid are found. 

Eismayer and Quincke [1930] used the isolated ventricle, working 
under conditions similar to our method 2. They found an excretion of 
about 0*4 mg. per g. per hour in the presence of oxygen. Wertheimer 
[1930, Table IX] used strips of ventricle and found that after 6 hours’ 
isolation only traces of lactic acid were present in the strips, and that 
the amount in the surrounding fluid corresponded to a figure between 
0*06 and 0*09 mg. per g. per hour. 

The most probable reason for the wide differences in lactic acid pro¬ 
duction obtained by different workers is that their methods varied as 
regards the efficiency of the oxygenation of the heart. 

We used two methods of perfusion and found that the lactic acid 
production was much less when there was a circulation of fluid (method 1) 
than when the fluid was pumped to and fro (method 2). With method 1 
we obtained the following results: nineteen hearts were perfused for 
20 hours, the total weight was 3*98 g., and the total lactic acid recovered 
from the heart and perfusion fluid together was 2*65 mg. This corresponds 
to a production of 0*03 mg. lactic acid per g. per hour, a value which is 
of the same order but less than that obtained by Wertheimer. 

Method 2 gave higher figures. Three hearts perfused for 6 hours gave 
a lactic acid production of 0*22 mg. per g. per hour. This is intermediate 
between Wertheimer’s and Eismayer and Quincke’s figures, but 
is much smaller than those given by Nagaya. 

The oxygen consumption of the isolated frog’s heart working under 
average conditions is about 1 c.c. per g. per hour [Clark and White, 
1928], an amount which is sufficient to oxidize 1*3 mg. of carbohydrate. 
The lactic acid production, even with method 2, is therefore only a small 
fraction of the total metabolism. 

(iv) Lactic acid production under anaerobic conditions. 

Nagaya [1929] measured the lactic acid production of frogs’ hearts 
perfused with addition of KCN (M/IOOO) for periods of 45-90 min. The 
average of 18 experiments recorded by him is 10*3 mg. lactic acid per g. 
per hour. Eismayer and Quincke [1930] measured the lactic acid 
production of ventricles supplied with Ringer’s fluid perfused with 
nitrogen, and their figures show a production of 4*1 mg. lactic acid per g. 
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per hour. Wertheimer [1930] measured the lactic acid production of 
ventricle strips in presence of NaCN (illf/2000 to Jt//5000). The total of 
seven experiments in which the strips (total weight 0*393 g.) were stimu¬ 
lated showed 0*036 p.c. lactic acid in the heart strips, while from the 
perfusion fluid 0*86 mg. lactic acid was recovered. 

This shows that most of the lactic acid formed passed out into the 
prefusion fluid. The lactic acid produced corresponded to about 4 mg. 
per g., but the duration of the experiments was not given, probably it 
was not much more than an hour. 

We investigated the lactic acid production of ventricles perfused 
(method 2) with strongly alkaline Ringer’s solution (NaHCOg 0*05 p.c., 
pH about 8*6) through which nitrogen was bubbled. Ten ventricles were 
perfused for 60 min., their total weight was 1*31 g., and the total lactic 
acid recovered was 0*98 mg. or 0*075 p.c. 

The quantity of lactic acid found in these hearts was the same as in 
the control hearts, and this confirms Wertheimer’s conclusion that 
lactic acid is rapidly excreted into the perfusion fluid. It will be shown 
later that this conclusion is only true when the perfusion fluid is alkaline. 
The quantity of lactic acid excreted into the perfusion fluid was as 
follows: 

Duration of anaerobiosis in min. 

No. of observations 

Average lactic acid excretion in 

mg. per g. of ventricle 

The lactic acid production under the above conditions was also 
estimated indirectly by measuring the loss of total carbohydrate in 
the hearts. In six experiments with ventricles rendered anaerobic by 
nitrogen perfusion for 120 min. the total reducing substance was found 
to be 0*73 p.c. The reducing substance in 20 controls measured at this 
period was found to be 1*23 p.c. This indicates a probable loss of 5 mg. 
of reducing substances per g. heart weight in 2 hours. The lactic acid 
estimations show an excretion of 3*5 mg. per g. in this period. 

A few preliminary experiments were made with hearts subjected to 
a vacuum. Method 1 was used. Four hearts were put up at a time and 
the circulation was arranged from a common reservoir containing 200 c.c. 
fluid. The method was not very satisfactory because auriculo-ventricular 
block frequently occurred. The vacuum was maintained for 4 hours. 

The following results were obtained: fifteen hearts (average weight 
0*174 g.) were found to contain after exposure to the vacuum 0*77 p.c. 
total reducing substance. The corresponding average value in 20 control 


10 20 40 60 80 120 

6 6 4 3 5 4 

0-61 1-84 2-8 2*2 2-3 3*5 
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hearts was 1*23 p.c. The calculated loss of reducing substance was 4*6 mg. 
per g. in 4 hours. The lactic acid recovered from the perfusion fluid was 
0*96 mg. per heart == 6-46 mg. per g. 

Fig. 1 shows the effect of anaerobiosis in alkaline sugar-free Binger’s 
fluid on the mechanical activity of the heart, and also the lactic acid 
production under these conditions. The lactic acid production per g. 
per hour is as follows: Ist hour, 3 mg.; 2nd hour, 1*3 mg.; 3rd and 4th 
hours, less than 0*6 mg. 



Pig. 1. The effect of anaerobiosis on the isolated frog’s ventricle perfused with alkaline 
Ringer’s fluid (pH 8*5). Abscissa: time in minutes. Hotted line: mechanical response 
(normal=10). Continuous line: lactic acid production in mg. Crosses=direct esti¬ 
mations: circles=production as calculated from carbohydrate loss. 


This rapid decrease in lactic acid production is accompanied by a 
corresponding decrease in the mechanical activity of the heart as esti¬ 
mated by the amplitude of the isometric response. The amplitude of the 
mechanical response of the heart during the first hour is, however, about 
80 p.c. of the normal, and the lactic acid production that occurs during 
this period (3 mg.) is surprisingly low. 

The data shown in Fig. 1 were for the most part obtained with the 
isolated ventricle, and we have no measurements of the oxygen con- 
sumption of the ventricle of R. hung, under these conditions; moreover 
our data do not show the actual work done by the ventricle. The results 
are therefore unsuitable for quantitative treatment in terms of energy. 
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but they certainly suggest that the energy liberated under anaerobic 
conditions is used more efficiently than that liberated under aerobic 
conditions. 

(v) Lactic acid production in hearts perfused with 
NEUTRAL Ringer’s fluid. 

The effects produced by lack of oxygen on heart tissue are partially 
antagonized by the presence of alkali. This fact was noted by Martin 
[1906] in the case of strips of turtle’s ventricle and by Drury and 
Andrus [1924] in the isolated dog’s heart. We found that oxygen lack 
in hearts perfused with unbuffered Ringer’s fluid produced an imme¬ 
diate and powerful action on the heart and caused complete arrest in 
less than an hour. The following analyses of the hearts and fluids showed 
that relatively small quantities of lactic acid were excreted into the 
perfusion fluid, but that it accumulated in the heart. 

Time in min. 10 20 40 

No. of exp. 8 4 12 

Lactic acid excreted in mg. per g. 0*5 0*54 0*63 

In ten hearts analysed after 40 min. anaerobiosis the lactic acid 
content was 1*66 mg. per g. Allowing for a control value of 0*66 mg. 
per g,, this corresponds to an accumulation in 40 min. of 1*0 mg. per g. 
in the heart, and a total production of lactic acid of 1*63 mg. per g. 
in 40 min. 

Table IV shows the outstanding effects produced by anaerobiosis in 
alkaline and in neutral Ringer’s fluid. It would appear that in neutral 
Ringer’s fluid the lactic acid produced cannot be excreted, and hence 
accumulates in the heart and produces paralysis fairly rapidly. The 
lactic acid content found after 40 min. perfusion is similar to the values 
shown in Table III for the lactic acid content of turtle’s heart strips 
suspended in nitrogen and stimulated to exhaustion. 

Table IV. Effect of anaerobiosis for 40 min. 


Alkaline Unbuffered 
Ringer's Ringer's 

fluid fluid 

(pH 8-6) (pH 6-8-7 0) 

Decrease in mechanical response as p.c. of normal 20 100 

Lactic acid excreted into perfusion fluid mg. per g. 2*8 0*63 

Lactic acid content of ventricle mg. per g. (control=0*66) 0*75 1*66 

Total lactic acid produced in mg. per g. in excess of control 2*9 1*63 


In alkaline Ringer’s fluid the lactic acid is excreted readily and the 
content inside the heart does not rise, hence the mechanical response is 
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but slightly impaired and the total production of lactic acid is con¬ 
siderably greater than it is in neutral Einger’s fluid. 

Examination of the unbuffered perfusion fluid after arrest of the 
heart had occurred showed that its reaction was only very slightly acid 
(about pH 6-9). The frog’s heart when supplied with oxygen can maintain 
a fair activity for long periods when perfused with a fluid with this 
reaction. The arrest of the heart that occurs in anaerobiosis with un¬ 
buffered Einger’s fluid must therefore be due to the accumulation of 
lactic acid in the heart itself rather than to any change in the reaction 
of the perfusion fluid caused by the acid that is excreted. 


(vi) The effect of glucose on the asphyxiated heart. 

Freund and Kdnig [1927] found that hearts perfused with oxygen- 
free alkaline Einger’s fluid were arrested in 2 to 3 hours, but that when 
glucose was present the hearts maintained good contractions for at least 
6 hours. They also showed that hearts arrested with oxygen lack could 
be revived by addition of glucose. Backmann [1927] found that hearts 
perfused with a solution containing sugar could survive anaerobically 
for as long as 61 hours. We confirmed Freund and Konig’s conclusions, 
for we found that the addition of glucose enabled the heart to maintain 
a good activity for 6 hours, and that a heart arrested by lack of oxygen 
could be revived by glucose. The addition of as small a quantity as 
2 mg. to 10 c.c. perfusion fluid produced an immediate stimulant effect 
on the exhausted anaerobic heart. The tracings published by Freund 
and Konig show that the stimulant effect produced by addition of 
sugar to the frog’s heart exhausted by lack of oxygen is very dramatic 
as regards the rapidity and completeness of the recovery. Our results 
showed effects of similar intensity. This effect was only produced in 
alkaline Einger’s fluid, and the addition of glucose to a heart arrested 
by oxygen lack in neutral Einger’s solution produced no benefit. The 
figures given in Table V show that the anaerobic heart converts con¬ 
siderable quantities of glucose to lactic acid. 

Table V. Effects of perfusion with oxygen lack for 6 hours with 
0*1 p.c. glucose in the Ringer’s solution. 

Lactic acid 

recovered from Nitrogen 

Average total Ringer's fluid excreted 

Average heart carbohydrate in mg. per g. in mg. per g. 

weight in g. p.c. per hour per hour 

0076 1-69 6-7 0*02 


No. of exps. 
6 
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The total carbohydrate content of the hearts after anaerobic per¬ 
fusion with glucose for 6 hours, namely 1*59 p.c., was actually higher 
than that of the controls taken at the same time (average of 10 con¬ 
trols = 1*55 p.c. total carbohydrate). Therefore when the heart is per¬ 
fused with an alkaline fluid containing glucose under anaerobic conditions 
it does not exhaust its own carbohydrate but obtains energy by con¬ 
verting the glucose present in the perfusion fluid to lactic acid. The 
nitrogen excretion is much lower in anaerobic than in aerobic conditions. 
Under aerobic conditions a heart perfused for 6 hours excreted 0*52 mg. 
nitrogen per g. [Clark, Gaddie and Stewart, 1931, Table III], which 
is about 25 times the value we obtained under anaerobic conditions. The 
trace of nitrogen obtained in the latter case cannot all be derived from 
the adenylic acid of the heart, if it be assumed that the pyrophosphate 
found by Clark, Eggleton and Eggleton [1931] represents the whole 
of the adenylic acid. It is noteworthy, however, that almost the whole 
of the nitrogen excreted by the anaerobic hearts was in the form of 
ammonia, whereas under aerobic conditions two-thirds of the nitrogen 
recovered was in the form of urea. It is of course possible that other 
substances than adenylic acid may undergo deamination without oxida¬ 
tion, especially under the abnormal condition of anaerobiosis. 

(vii) Discussion. 

Our results show that under anaerobic conditions the only important 
source of energy available for the isolated frog’s heart is the conversion 
of carbohydrate to lactic acid. The heart, however, differs very widely 
from the skeletal muscle as regards the effect produced upon it by 
accumulation of lactic acid. The skeletal muscle can neutralize con¬ 
siderable amounts of lactic acid, whereas accumulation of lactic acid 
rapidly impairs the mechanical response of the heart and arrest occurs 
when the lactic acid content rises to 0*15 p.c. Consequently the heart 
is unable to function anaerobically, or to incur oxygen debt unless it 
is able to excrete rapidly tlie lactic acid it produces. The excretion of 
lactic acid depends on the reaction of the perfusion fluid. Excretion 
occurs freely at 8*5 and very slowly at 7*0. We have not yet 
investigated the intermediate range of reaction. 

The effect of lack of oxygen on the frog’s heart therefore depends 
primarily on the reaction of the perfusion fluid, for unless this is alkaline 
the heart is fairly rapidly arrested by lactic acid accumulating in its 
cells. If the perfusion fluid is alkaline the duration of activity depends 
on the amount of carbohydrate available. When the heart is perfused 
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with glucose-free alkaline Ringer’s fluid its available carbohydrate begins 
to fail after about 2 hours, but if glucose is added the heart can maintain 
a good activity for many hours. Table VI shows the manner in which 

Table VI. The duration of survival of the anaerobio frog’s heart. 

Arrest from Mg. per g. laotio 
lack of oxygen acid formed at 


min. time of arrest 

Hearts poisoned with iodoacetic acid <10 0 

Hearts perfused^ unbuffered Einger’s fluid 40 1*63 

Hearts perfused, alkaline Einger^s fluid 120-180 5 

Hearts perfused, alkaline Einger’s fluids glucose >400 >25 


various modifications of the conditions of perfusion affect the duration 
of the survival of the anaerobic heart. It is interesting to note that a 
heart exhausted by perfusion for 3 hours with alkaline glucose-free 
Ringer’s fluid still contains 0*77 p.c. total carbohydrate. This figure is 
considerably higher than that found in hearts after prolonged perfusion 
under aerobic conditions. For example, the authors in a previous paper 
[1931] recorded the following figures. 

Total carbohydrate 


Method of perfusion p.c. 

Serum + Einger’s fluid 24 hours 0*480 

Serum + glucose 24 hours 0*403 

Serum + glucose + insulin 24 hours 0*280 


The “availability” of the reducing substance in the frog’s heart 
appears therefore to vary. About 0*3 or 0*4 p.c. cannot be utilized at all, 
whilst about 0-8 p.c. cannot be used under anaerobic conditions. About 
0*16 p.c. reducing substance is non-fermentable [Clark, Gaddie and 
Stewart, 1932]. 

Under aerobic conditions the heart metabolizes both proteins and 
carbohydrates, whereas under anaerobic conditions it metabolizes carbo¬ 
hydrates alone. Our figures suggest that the protein metabolism in some 
manner makes available for metabolism a portion of the total carbo¬ 
hydrates. 

In our previous work [Clark aL 1931] we were puzzled by the fact 
that the isolated frog’s heart, well supplied with oxygen, did not utilize 
glucose added to the perfusion fluid, whereas there was evidence that the 
isolated mammal’s heart perfused with Ringer’s fluid used considerable 
quantities of glucose, and other workers had reported glucose usage and 
stimulation by addition of glucose in the isolated frog’s heart. These 
divergent results we believe to be due to variations in efficiency of oxygen 
supply, since any shortage of oxygen appears to stimulate the heart to 
break down carbohydrate. 
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The behaviour of the heart in regard to glucose in aerobic and 
anaerobic conditions forms a remarkable contrast. Under aerobic con¬ 
ditions the heart does not consume glucose added to the perfusion fluid 
and uses its own carbohydrate very slowly. Moreover, the addition of 
mono-iodo-acetic acid in concentrations sufficient to arrest all break¬ 
down of carbohydrate to lactic acid does not produce any demonstrable 
effect on the activity of the heart as long as this is supplied with oxygen. 
Hence there is no direct evidence that the rapid breakdown of carbo¬ 
hydrate to lactic acid that occurs in anaerobiosis necessarily forms any 
part of the carbohydrate metabolism of the aerobic heart. 

Conclusions. 

1. The effect of oxygen lack on the heart depends on two variables, 
namely, alkalinity and sugar supply. The heart is rapidly arrested unless 
the perfusion fluid is alkaline. If the pH is 8*0 or over, the heart de¬ 
prived of oxygen converts both its own carbohydrate or glucose added 
to the perfusion fluid into lactic acid, and thereby can maintain a good 
mechanical activity for a period of many hours. 

2. In the presence of oxygen the heart uses much less carbohydrate, 
but even a slight oxygen deficiency can cause the production of some 
lactic acid. 

The erpenses of this research were defrayed by a grant from the Moray Fund of the 
University of Edinburgh made to one of us (A. J. C.). 
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PHOSPHAGEN IN THE PERFUSED HEART 
OF THE FROG. 

By a. J. CLARK, M. G. EGGLETON and P. EGGLETON. 

(From the Departments of Materia Medica and Physiology^ 
University of Edinburgh.) 

The work presented in this communication was undertaken initially in 
order to ascertain whether phosphagen occupied the same position in 
the chemical changes accompanying contraction of cardiac muscle that 
it has been shown to hold in the case of skeletal muscle. 

In the last few years a considerable body of fact has been accumulated 
concerning the function of phosphagen in the contraction of skeletal 
muscle of the frog. The view has been reached that the contractile 
process, which is non-oxidative in character even in the presence of 
oxygen, is energized by the breakdown of phosphagen, a process which 
can be reversed later by means of the energy accompanying the pro¬ 
duction of lactic acid (also an anaerobic process). This anaerobic resti¬ 
tution is not sufficiently complete to maintain the phosphagen content 
of the skeletal muscle at its normal level, but it appears greatly to retard 
the ultimate disappearance of the phosphagen. The small and variable 
heat evolution observed long ago by Hartree and Hill [1920] to occur 
during the minute or so following an anaerobic contraction (the delayed 
anaerobic heat”) appears to be the balance between the exothermic 
lactic acid formation and the endothermic restitution of part of the 
phosphagen broken down during the twitch [Lundsgaard, 1931]. 

The heart muscle of the frog contains normally only one-tenth of 
the amount of phosphagen held in reserve by a skeletal muscle, and it 
was natural though not logical to suppose that phosphagen was corre¬ 
spondingly less important in the former. A more probable interpretation 
of this difference is, however, that since the heart cannot be tetanized 
it need carry no more phosphagen than is required for the energy pro¬ 
duction of a single contraction. A heart of the size considered contains 
usually about 15 y of phosphagen phosphorus, a quantity which ac¬ 
cording to the calculation given later in this paper is probably twenty 
times greater than this minimal amount. 
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Kg. 1. jBffect of anoxsemia on isolated frog ventricle perfused aith various Ringer s fluids. 
Nitrogen commenced at zero time. A. Buffered alkaline fluid (pH 8*6). B. Buffered 
neutral fluid (pH 7*0). C. Buffered acid fluid (pH 6*6). D. Unbuffered fluid. 
E. Buffered alkaline fluid (pH 8-6) plus 1 in 60,000 monoiodoacetic acid. 
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A number of hearts from i2. esc. (Hungary) were analysed by the 
method of Eggleton and Eggleton [1929], the acid-soluble phosphorus 
being measured in hve fractions. To discover what gross changes resulted 
from a prolonged survival in Einger’s fluid other hearts were analysed 
after beating for 24 hours in 260 c.c. of oxygenated Einger’s fluid buffered 
with bicarbonate; the results have already been published [Clark, 
Eggleton and Eggleton, 1931]. The prolonged perfusion caused sur¬ 
prisingly small changes in the phosphate fractions, and in particular the 
phosphagen decreased only about 30 p.c. 

The estimation of the five phosphate fractions requires a gram of 
tissue, a quantity which cannot be obtained from a single frog heart 
and requires often three or four. For the purposes of more detailed 
experiments therefore attention was confined to the orthophosphate and 
phosphagen of the heart, since these could be estimated with a fair 
degree of accuracy in as little as 100 mg. of tissue. Further, since for 
the purposes of this work spontaneous alterations of rhythm would 
constitute an unwanted variable, the preparation used for the subse¬ 
quent experiments consisted of a ventricle mounted on a suitable cannula 
and excited at a speed of 14 beats per minute by induction shocks. 
The apparatus used has been described by one of us [Clark, 1927, 
Fig. 1]. It allowed free movement of fluid in the heart, except when 
records were taken when the conditions were approximately isochoric, 
and the extent of the excursions recorded in the tracings was nearly 
directly proportional to the pressure produced by the contraction. 

When such a ventricle perfusing itself with neutral unbuffered 
Einger's solution is deprived of oxygen, the strength of its beat begins 
to diminish within 3 min., and after 20 min, of oxygen lack the heart 
is very feeble (Fig. 1 D). 

Allowing for the time taken by a stream of nitrogen to wash all the 
dissolved oxygen out of the perfusing fluid, the latent period of the 
tissue itself in such an experiment is probably less than 20 beats. In a 
number of such experiments the ventricle was cut down and analysed 
after periods of anaerobiosis varying from 3 to 30 min. The results 
(Table I) are depicted graphically in Fig. 2. 

This is an effect analogous to the disappearance of phosphagen from 
a stimulated skeletal muscle, but phosphagen also disappears from resting 
skeletal muscle though only at one-hundredth of the pace. It was of 
interest therefore to discover whether phosphagen would have disap¬ 
peared ever) from a quiescent heart, and if so whether the rate of dis¬ 
appearance would be less. Attempts to answer this question by means 
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of experiments on frog ventricle failed through the difficulty of obtaining 
it in quiescent condition. But it was found that the auricle of the 


Table I. The effect of anaerobiosis on the frog’s heart perfused with 
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index 
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0-63 
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Fig. 2. Ordinate; p.c. of normal. Abscissa: time after exposure to nitrogen. Upper line; 
mechanical response with alkaline Ringer. Lower line; mechanical response with 
neutral Ringer. The crosses and circles show the phosphagen index expressed as the per¬ 
centage of the normal value (Phosp. P./Inor. P. =0*63= normal phosphagen index). 
Circles—results with alkaline Ringer’s fluid. Crosses—^results with neutral Ringer’s 
fluid. 
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neutral and with alkaline Ringer’s fluid. 


No. of 

Ringer’s 

Strength 

exps. 

fluid 

of beat 

6 

— 

Normal 

3 

Neutral 

i-f normal 

3 

»» 

ca. J normal 

3 


Very feeble 

1 

*» 

Nil 

4 

Alkaline 

80 p.c. normal 

2 

ft 

9f V 

5 

„ 

99 

1 

ft 

Weakening 

1 

ff 

Very feeble 



A 

B 

Time of 

Phos¬ 

Inor¬ 

anaero¬ 

phagen P 

ganic P 

biosis 

mg. per 

mg. per 

min. 

100 g. 

100 g. 

0 


11-5 

6 

20 

12-4 

10 

21 

11-3 

15 

0*9 

101 

45 

0-5 

13-5 

5 

2-9 

11*7 

10 

2-7 

10-2 

20 

1*7 

13-5 

70 

2-5 

14-5 

150 

1-4 

15*7 


tortoise heart presented no difficulty in this respect. Strips of this tissue, 
freed from sinus tissue, were suspended in Ringer’s solution (buffered 
with bicarbonate), in which solution they showed no spontaneous activity. 
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The strips, sometimes stimulated, sometimes not, were deprived of 
oxygen and after an interval of 6 or 12 min. taken down and analysed 
(Table II). 


Table II. The effect of anaerobiosis on the quiescent and active tortoise auricle. 




Time of 

Phosphagen P Inorganic P 


No. of 

State of 

anaerobiosis 

nag» per 

mg, per 

Phosphagen 

exps. 

auricle 

min. 

100 g. 

100 g. 

index 

4 

Aerated 

0 

9-4 

9*6 

10 

1 

Quiescent 

12 

2-5 

91 

0-27 

1 

tf 

6 

4-4 

120 

0*37 

1 

Beating 

12 

2-7 

170 

0-16 

1 

„ 

6 

M4 

13-2 

0-086 


The few figures obtained indicate quite clearly that the beating heart 
loses its phosphagen more rapidly than the quiescent heart, although 
the latter is extremely susceptible to lack of oxygen. In comparing the 
rates of disappearance of phosphagen in the resting and beating auricles 
with the much larger differences observed between resting and con¬ 
tracting skeletal muscle under anaerobic conditions it must be borne in 
mind that the basal metabolism of cardiac tissue amounts to one-quarter 
that of the maximum working metabolism, whereas in skeletal muscle 
this fraction is probably less than one-hundredth. 

From Fig. 2 it can be observed that the rate of phosphagen dis¬ 
appearance is not noticeably altered if the Ringer’s solution is buffered 
with bicarbonate, though the mechanical response of the ventricle to 
oxygen lack is profoundly different in this case. Martin [1905] showed 
that heart strips under anaerobic conditions were benefited by addition 
of alkali. Fig. 1, curves A, B and C, show the manner in which the 
reaction and amount of buffering of the perfusion fluid determine the 
effect produced by anaerobiosis. A heart arrested by oxygen lack in 
neutral Ringer’s solution can be revived by addition of alkali. 

At first sight the prolonged survival in alkaline Ringer’s fluid of a 
ventricle deprived of oxygen and containing only a small amount of 
phosphagen would appear to contradict the hypothesis that phosphagen 
breakdown is the source of the energy of contraction and to favour the 
alternative view that the hydrolysis of phosphagen provides a buffering 
mechanism against acidity [Fiske and Subbarow, 1929]. The point 
was so important that parallel experiments were performed with the 
tortoise ventricle, an organ which, on account of its larger size, was 
expected to permit of more accurate analyses. 

When set up in the same way as the frog’s ventricle, in alkaline 
Ringer’s solution (bicarbonate), a tortoise ventricle (weighing l*5-2*6 g.) 
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beat regularly and well both under aerobic and anaerobic conditions. 
Unfortunately the chemical results were not as clear cut as one hoped 
owing to an unforeseen difficulty in the determinations (see Experi¬ 
mental Methods, section C). But it became clear that the ventricle would 
continue to beat well for long periods (up to 50 min.) in the absence of 
oxygen although it contained less than 1 mg. of phosphagen P per 
100 g. of tissue (Table III). 


Tabls III. 

Time of 

The effect of anaerobiosis on the tortoise ventricle suspended 
in alkaline Ringer’s fluid. 

Weight of 

anaerobiosis 

ventricle 

Phosphagen P 

Inorganic P 

Phosphagen 

min. 

g- 

mg. ]^r 100 g. 

mg. per 100 g. 

index 

0 

1-8 

<5 

>5 

<1-0 

10 

20 

>0-66 

91 

>0*07 

20 

1-3 

>0*8 

16*6 

>0*05 

30 

2-4 

>0-2 

161 

>001 

50 

11 

<0-55 

8-6 

<0-06 


Both frog and tortoise ventricles are thus able to beat in the absence 
of oxygen when containing less than 1 mg. phosphagen P per 100 g. of 
tissue. Does this fact accord with the view that the hydrolysis of phos¬ 
phagen is the sole source of energy for the contraction process? Since 
the phosphagen content remains unaltered at this level during relatively 
long periods of oxygen lack we must suppose that resynthesis of phos¬ 
phagen in diastole keeps pace with its breakdown during systole. In 
other words the amount needed for a single beat must not be more than 
1 mg. per 100 g. 

Clark and White [1928], using a method similar to ours with 
R, temp., found an oxygen consumption of about 1 c.c. per g. per hour 
when the ventricle filling was adequate. Clark, Gaddie and Stewart 
[1931], using the whole heart of R. esc. (Hungary) with natural rhythm 
(25-30 per min.), found an oxygen consumption of 1*3 c.c. per g. per 
hour in hearts perfused with Ringer’s fluid. 

In the case of a heart beating fifteen times a minute the oxygen usage 
is therefore less than 1-3 c.mm. per beat per g. tissue. The calorific value 
of oxygen is roughly 5 cal. per c.c. whatever foodstuff be burnt, and we 
may take the heat evolved per beat therefore as not more than 6*5 x 10“* 
cal. per beat per g. tissue. The resting metabolism of the heart is about 
one-quarter of the metabolism of a heart in moderate activity and there¬ 
fore the heat production due to contraction and relaxation may be taken 
as 5 X 10“"* cal. per beat per g. 

In skeletal muscle the heat of contraction is about equal to the heat 
of recovery, but from the work of Clark, Gaddie and Stewart [1932 5] 

22 
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on the production of lactic acid by the anaerobic frog’s heart, it would 
appear that the recovery process in the heart is less efiScient than it 
is in skeletal muscle. It is therefore safe to assume that less than half 
the total heat production occurs during the contraction process, and the 
latter may be taken as being not more than 2 x cal. per beat per g. 

The figure for the heat of hydrolysis of phosphagen given by 
Meyerhof [1930] is 11,000 cal.^ per g. mol. (31 g. P), and on this basis 
2 X 10~^ cal. are provided by the hydrolysis of 5*6y phosphagen P. This 
quantity per gram is equivalent to 0*56 mg. per 100 g. of heart tissue. 

The figures given by Stella [1931] for the oxygon consumption of 
the tortoise ventricle lead to a somewhat lower value for that organ. 
Approximate though these figures are it nevertheless seems safe to con¬ 
clude that the phosphagen breakdown per beat is normally of the order 
of 0*5 mg. per 100 g. of tissue, and might be expected to become rather 
less as the strength of the beat diminishes. It is therefore not impossible 
that the ventricles beating steadily in the absence of oxygen with phos¬ 
phagen contents of just this order were obtaining their energy of con¬ 
traction from this source and rebuilding the phosphagen molecules during 
diastole by making use of the energy released in the production of lactic 
acid. 

The experiments of Fig. 1 (A, B and C) suggest strongly that the 
source of energy for the beating ventricle deprived of oxygen is the 
production, from some non-acidic precursor, of lactic acid. Whether this 
lactic acid production itself energizes the contraction or whether it pro¬ 
vides the energy for resynthesis of phosphagen during diastole, the 
inhibition of this reaction might be expected to leave the ventricle with 
no motive power at all. 

lodoacetic acid is known to inhibit the production of lactic acid in 
skeletal muscles [Lundsgaard, 1930), and its effect on the frog’s 
ventricle, in the presence and absence of oxygen, was naturally examined 
at this stage. This drug, in concentrations less than 1: 5000, produced 
no apparent action in 2 hours on the ventricle adequately supplied with 
oxygen; but in anaerobic conditions it produced a rapid cessation of 
activity (Fig. 1 E). 

A ventricle beating steadily with full oxygen supply shows no me¬ 
chanical response to the addition of iodoacetic acid to its perfusion fluid 
in a concentration of 1: 50,000, for periods as long as 2 hours, as shown 

^ This figure of 11,000 cal. was obtained by acid hydrolysis. Enzymic hydrolysis with 
muscle extracts gave a result of about 16,000 cal., which leads to an even smaller value 
for the phosphagen breakdown per beat (0*4 mg. per 100 g.). 



PHOSPHAGEN IN PERFUSED FROffS HEART. 339 


in Fig. 3, nor is there any alteration in the ratio of phosphagen/inorganic 
phosphate in the tissue. If after 20 min. or so, when the drug has per¬ 
meated the muscle, the air in the system is driven out by pure nitrogen, 
there is a very abrupt loss of mechanical power leading to complete 
arrest within 100 beats. There is a preliminary latent period of about 
50 beats due, we believe, to the presence of oxygen in the system up to 
that time (Fig. 3). Since the perfusion fluid is buffered with bicarbonate, 
the ventricle would, in the absence of the drug, have gone on beating 
for at least an hour. A few minutes after the heart has ceased to beat 
it goes into a state of permanent and apparently irreversible contracture, 
and in this condition the phosphagen disappears completely. 


Table IV. The effect of iodoacetic acid (lAA) on frog and tortoise ventricles. 


Ventricle 

No. of 

Vol. of 
Ringer’s 
iliiid 

Concentration Atmo- 

Time 

Strength 

Phos¬ 

phagen 

P 

mg. per 

Inor¬ 

ganic 

P 

mg. per 

Phos¬ 

phagen 

used 

exps. 

c.c. 

of lAA 

sphere 

min. 

of beat 

100 g. 

100 g. 

index 

Frog 

3 

10 

]1: 12.500 

Air 

40-100 

Normal 

4*9 

8*2 

0-6 

2 

2 

11; 25,000 
1; 50,000 

N. 

10- 20 

Nil 

1-8 

11-0 

0-17 

Tortoise 

2 

10 

1: 20,000 

H, 

12- 18 

Very feeble 

<0*9 

9-6 

<0096 

Frog 

1 

2 

1: 10,000 

N, 

6 

V^ry feeble 

2-2 

8-7 

0-26 

1 

2 

1: 5,000 

N, 

5 

Very feeble 

1-9 

11*2 

0*17 


1 

10 

1: 10,000 


10 

Steady con¬ 

0 

12-0 

0 


2 

10 

1:100,000 

N. 


tracture 

Nil 







Followed by 

0, - 

Normal 

60 

13-4 

0-45 


More detailed consideration of these experiments raises a difficulty. 
The loss of mechanical function induced by iodoacetic acid is not accom¬ 
panied by a parallel loss of the residual phosphagen from the heart. Only 
in the final stages, when the heart has practically ceased to beat, does 
this phosphagen begin to disappear, and the disappearance is not complete 
until a state of contracture has set in. 

Admission of oxygen to the system before the state of contracture 
sets in results in a fairly complete functional recovery of the ventricle, 
and if analysed in this condition its phosphagen content is found to be 
approximately normal (Table IV). Indeed, by alternate administration 
of air and nitrogen, the ventricle can be reversibly arrested several times 
in succession (Fig. 3). 

It is obvious that the drug is not a mere general protoplasmic poison, 
but is exerting a highly specific action on some process or structure of 
the heart which is only required during anaerobic activity. No certain 

22—2 
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effect was produced by lOy of iodoacetic acid in 2 c.c. of perfusion fluid, 
whereas 20y sufficed to arrest completely a ventricle of average weight; 
but a dose of this magnitude may take as much as 20 min. to arrest the 
ventricle, whereas a dose ten times greater will bring about the arrest in a 
few seconds. It is clear therefore that the poisoning action can be graded. 

Since it has been shown that iodoacetic acid inhibits the production 
of lactic acid in the heart as it does in skeletal muscle, it follows that, 
although there is no alternative to this source of energy in the anaerobic 
heart, there must be alternative sources for the aerobic heart. Evidence 
for the existence of such alternative sources has been found by Clark 
and his colleagues [1932 a] who showed that 60 p.c. or more of the energy 
of the normal aerobic heart was derived from the combustion of substances 
other than carbohydrate. 

We made a few experiments to see whether depression or arrest of 
the heart by various agencies was necessarily accompanied by reduction 
of phosphagen. Any effect that interferes with the oxygen supply of 
the heart will cause phosphagen loss, and we endeavoured to prevent 
this effect by emptying and filling the hearts rhythmically by changes 
of external pressure when they were arrested. The results shown in 
Table V indicate that a considerable variety of depressant agents can 
depress or arrest the heart without causing a proportionate reduction 
in its phosphagen content. 


Table V. The effect of various depressant agents on the frog heart, 

Phos- Inor¬ 


Depressant 

Time of 
action 

Strength 

Weight of phagen P 
heart mg. per 

ganic P 
mg. per 

Phos¬ 

phagen 

agent 

min. 

of beat 

g- 

100 g. 

100 g. 

index 

Calcium lack 

36 

Nil 

0*2 

6-4 

6*8 

0*8 

Potassium excess 

30 

60 p.c. 

0*3 

60 

6*0 

1*2 

Potassium excess 

10 

(irreg.) 

Nil 

0-22 

4-6 

10*5 

0*44 

Ethyl urethane 0 2 M 

20 

Nil 

0-35 

4-8 

10*9 

0*44 

Ethyl urethane 0‘16ilf 

16 

Nil 

0-23 

4*4 

12*2 

0*36 

Acetyl choline 

26 

40 p.c. 

0-26 

4*7 

10*3 

0*46 

Acetyl choline 

10 

40 p.c. 

0-37 

4*5 

9*6 

0*47 

One generalization seems to emerge from 

this work. If a 

heart is 


beating or is in such a condition that it can be made to beat by a suitable 


alteration in its surroundings (i.c. electrical stimulation, administration 
of oxygen, addition of calcium, etc.), it is always found to contain 
phosphagen. The amount may be in some circumstances smaller than 
normal, but not smaller than would be needed to supply the energy for 
a single contraction. 
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Experimental methods. 

A. The nitrogen used in all experiments was purified by passing 
through a quartz tube filled with copper filings for 18 in. of its length. 
The middle 6 in. of the copper filings were heated to dull red heat by 
a gas flame. This is too high a temperature for copper to combine with 
oxygen, but there are necessarily two zones, one on each side of the 
heated length, which are at the right temperature for this reaction. The 
first zone met by the incoming gas invariably darkened in the course of 
an experiment. The absence of any darkening in the neighbourhood of 
the second zone gave assurance that the removal of oxygen was as com¬ 
plete as could be effected by copper. The surface of the copper was 
renovated occasionally by passing hydrogen through it whilst the tube 
was being heated. 

B. The iodoacetic acid was prepared by the interaction of cliloracetic 
acid and potassium iodide in strong aqueous solution. The acid was freed 
from iodine by repeated solution in benzene and reprecipitation with 
petroleum ether in which it is comparatively insoluble. 

C. The estimation of phosphates in a single frog ventricle presents 
certain difficulties not met in skeletal muscle. The first is the impossi¬ 
bility of assessing the weight of the tissue with any accuracy, particu¬ 
larly if the weighing must be done before the experiment begins. The 
practice was adopted of weighing the intact heart together with any 
fluid it might contain. Some preliminary experiments indicated that the 
weight so measured was approximately double the weight of the ventricle 
after the latter had been cut open and squeezed gently between layers 
of filter paper. But worse than this constant error was the very large 
variable error. We are of the opinion that it is impossible to estimate 
the weight of a ventricle before its use in an experiment to within less 
than ± 15 p.c. For the purposes of the present study this difficulty was 
minimized by expressing the condition of a ventricle in terms of the 
ratio phosphagen P/inorganic P, for since the sum of the two has been 
found to remain approximately constant so long as the heart is ahve, 
their ratio provides a more accurate as well as a more sensitive criterion 
of the physiological condition of the muscle. 

The second difficulty arises out of the smallness of the quantities of 
phosphorus to be measured. The average Ventricle in the foregoing ex¬ 
periments contains about 30y of phosphagen P + orthophosphate P. 
Of this, phosphagen P sometimes amounted to less than 2y. A quantity 
of the order of 2y can be estimated by the Briggs’ colorimetric tech- 
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nique, but not with any claim to accuracy: it is our experience that one 
can estimate to the nearest 1 y. 

The technique adopted was that published in this Journal by 
Eggleton and Eggleton [1929], with certain modifications. The 
muscle was ground in a mortar with 10 c.c. 4 p.c. trichloroacetic acid, 
filtered immediately, and the filtrate was measured and at once neu¬ 
tralized with baryta. It was found an advantage to use baryta contami¬ 
nated with barium carbonate. The greater bulk of precipitate obtained 
facilitated the separation of the insoluble orthophosphate from the 
soluble creatinephosphate. The heart muscle not only contains less acid- 
soluble phosphorus than skeletal muscle, but it contains some material, 
perhaps of lipoid nature, which tends to hinder the clean precipitation 
of barium phosphate. Tortoise ventricles were particularly prone to this 
behaviour, and it was found necessary to add an excess of baryta and 
pass in carbon dioxide in order to obtain clean filtrates. Whilst this 
treatment ensured the absence of inorganic phosphate from the phos- 
phagen fraction, it also caused the removal of some phosphageri, possibly 
adsorbed on the barium carbonate. The results given in Table III are, 
with one exception, low on this account. 

The absence of inorganic phosphate from the soluble (phosphagen) 
fraction was tested by analyses of hearts dead for 24 hours. In no case 
was any phosphagen detected. 


Summary. 

1. Phosphagen disappears from a tortoise auricle strip deprived of 
oxygen faster if the strip is contracting rhythmically than if it is 
quiescent. 

2. The phosphagen index (the ratio phosphagen P/orthophosphate P) 
of the tortoise ventricle falls in the absence of oxygen from a value of 
about 1 to a value of about 0*06 in 10 min. or so. It remains at about 
this value for at least 45 min. 

3. The frog ventricle shows similar behaviour; the index falls from 
about 0-6 to 0-1 or less. This is accompanied by a parallel loss of me¬ 
chanical activity if the perfusion fluid is neutral and unbuffered, but if 
the latter is buffered with bicarbonate the loss of mechanical activity is 
greatly delayed. It is still 80 p.c. of the normal after an hour’s anaero- 
biosis. 

4. No effect is produced either on the phosphagen index or upon 
the mechanical response by iodoacetic acid in concentrations up to 
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1; 6000 in the perfusion fluid, provided this fluid is aerated. If all traces 
of oxygen are suddenly removed, activity ceases in the course of 10-100 
beats, according to the concentration of the drug. This action is re¬ 
versible by oxygen within the limits described. 20y of iodoacetic acid 
in 2 c.c. of perfusion fluid will suffice to arrest a ventricle weighing 0-26 g. 

6. Calcium lack in the perfusion fluid arrests the ventricle even more 
rapidly than oxygen lack, but leaves the phosphagen index unaltered, 
and various other depressant agents exert a similar action in a less 
marked degree. 

6. It is suggested that in all circumstances the hydrolysis of phos¬ 
phagen is the immediate source of the energy of contraction of the 
heart: that, in the presence of oxygen, protein and carbohydrate are 
burned to provide energy for the resynthesis of phosphagen during 
diastole; and that, in the absence of oxygen, lactic acid production is the 
only reaction available for this purpose. 

The expenses of this work were defrayed by grants from the Moray Fund (A. J. C.) 
and from the Medioal Research Council (P. E,). 
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THE INTERDEPENDENCE OF GASTRIC SECRETION 
AND THE COa CONTENT OF THE BLOOD, 

By J. S. L. BROWNE and ARTHUR M. VINEBERG. 

{From the Dej>aHmmts of Biochemistry and Physiology, 

McGill University, Montreal, Canada.) 

For some years sporadic indications have appeared in the literature 
that there is a relation between blood CO 2 content and gastric secretion. 
Maly’s theory, first advanced in 1878, postulated the importance of 
COa in the formation of hydrochloric acid, only, however, secondarily 
to NaH 2 P 04 which he believed to be the compound directly concerned 
in the formation of HCL F. Delhougne [1927] found a decreased acidity 
in response to the alcohol test meal when the subjects hyperventilated. 
He found, however, an increase in the CO 2 combining power of the blood 
under these conditions, which makes the effectiveness of the hyper¬ 
ventilation doubtful. Bakaltschuk [1928] demonstrated an increase 
in gastric acidity in human subjects after the inhalation of COg. An 
increase was also obtained by Apperley and Semmens [1928] after 
the rebreathing of the subject’s own expired air. In a different type of 
experiment Szilard [1930] showed an augmented ‘‘fasting” secretion 
following intravenous injection of NaHCOj; the injection of glucose on 
the other hand caused no such rise. Numerous authors have observed 
that feeding large quantities of NaHCOa over prolonged periods of time 
raises the level of the acid curve during fractional test meals [Linoissier 
and Lemoine, 1894; Crohn, 1918]. The ingestion of sodium bicarbonate 
by patients on a Sippy diet in a large number of cases increases the COg 
content of the blood [Hardt and Rivers, 1923; Koehler, 1927; 
Gatewood and others, 1928]. Working on dogs, Boyd [1924] observed 
that, in small doses, sodium bicarbonate tends to increase gastric secre¬ 
tion. Apperly and Semmens [1928] showed, in human subjects, 
that there was a parallelism between blood bicarbonate content and the 
response to a standard test meal. They attributed this to a common 
effect of variation in oxygenation of the blood on both gastric secretion 
and blood bicarbonate content. 
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The results reported by the above investigators have been obtained 
upon human subjects using the gastric test meal. This criterion of gastric 
secretion is open to serious objection, since the values obtained depend 
not only on the activity of gastric cells, but also on the emptying time 
of the stomach, and regurgitation of duodenal contents. Dilution due 
to salivation and to the ingested meal, and conditioned reflex effects 
are also sources of error. 

Apperly and Crabtree [1931] in a very recent article are cognizant 
of the above sources of error (as indeed were Apperly and Semmens), 
and believe that they have taken them into account. In this article, 
they report a direct relation between the concentration of gastric hydro¬ 
chloric acid and the plasma bicarbonate content. 

In 1929, during an experimental investigation of the production of 
gastric secretion by vagal stimulation in dogs [Vineberg, 1931], it was 
observed that secretion was not obtained following excessive artificial 
respiration, but commenced shortly after the cessation of hyperventila¬ 
tion. The experiments reported in this paper were undertaken in an 
attempt to elucidate these results. In a preliminary report of this in¬ 
vestigation [Vineberg and Browne, 1931] the conclusion at which we 
arrived was that a definite interdependence existed between the COg 
content of arterial blood and the character of gastric secretion. 

Methods. 

Dogs ranging in weight from 8 to 25 kg. were employed. All animals 
were fed meat and porridge for 3 days, and milk only for the 24 hours 
immediately preceding the operation. Anaesthesia was induced by means 
of ether and continued by intravenous injection of a chloralose-urethane 
mixture (1 g. chloralose, lOg. urethane in 60 c.c. normal saline: dose, 
3 c.c. per kg.). A tracheal tube was inserted, both carotid arteries were 
isolated and tied, the vagus nerves were carefully separated from the 
carotid sheath and severed. The oesophagus was tied at the level of the 
first tracheal ring in order to prevent contamination of gastric juice 
with saliva. A metal fistula was inserted into the anterior wall of the 
stomach and firmly secured. The stomach was isolated from the duo¬ 
denum by means of a ligature secured around the pylorus, thus preventing 
regurgitation. The anterior abdominal wall was closed around the metal 
fistula and the animal placed on a stand in the prone position. In one 
group of experiments, gastric secretion was obtained by electrical stimu¬ 
lation of the vagus nerves; in another group, subcutaneous injection of 
histamine (ergamine acid phosphate) was the gastric stimulant employed. 
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Secretion was collected in graduated centrifuge tubes at definite 
intervals. The volume of each sample was measured, the free and total 
acidity were determined by titration, using Topfer’s reagent and phenol- 
phthalein as indicators. The total chlorides were determined by the 
method of Wilson and Ball [1928]. Blood was withdrawn from one 
carotid artery, the other being used for recording the blood-pressure. 
All blood samples removed from the carotid were collected and centri¬ 
fuged under paraffin oil. The time of centrifuging, using the Angle 
centrifuge, was usually under 2 min., so that loss of COg was minimized. 
The COg content was determined on the true plasma, without equilibra¬ 
tion, by the method of van Slyke [1917]; plasma joH was estimated 
by Cullen’s colorimetric procedure [1922]; the chlorides in blood and 
plasma by the method mentioned above. Lactic acid in whole blood was 
determined by the method of Friedemann, Cotonio and Shaffer 
[1927] (expressed as mg./lOO c.c. of whole blood). 

Experiments. 

The experiments have been divided into the following groups, and 
those described are illustrative of other similar experiments. 

(1) Nerve stimulation: 

Influence of: A, Hyperventilation; 

B. Injection of acid (HCl and lactic); 

C. Injection of NaCN. 

(2) Histamine stimulation: 

Influence of ; A. Hyperventilation; 

B. Injection of acid (HCl and lactic, and of base 

NaHCOa); 

C. Injection of NaCN. 

(1) Nerve stimulation. 

A. Byperventilation. 

We present two examples of this type. 

In this experiment (Fig. 1) the vagus nerves were stimulated with 
an induction current interrupted 15 times per minute, using the left 
and right vagi alternately for periods of 10 min. each. Collections of 
gastric juice were made in periods of 10 min.; these represent corre¬ 
sponding periods of nerve stimulation. Samples were taken in this way 
in order to follow variations in nerve response. The difference between 
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right and left nerves is seen in the figures and is especially marked in 
the volume output. It wiU be observed that after 120 min. of stimu¬ 
lation, a satisfactory flow of gastric secretion was obtained and showed 
the values for free and total acidity usual with this type of stimulation. 
During this period the arterial plasma COj content gradually rose to a 



Time (minutes) 

Fig. 1. Dog 9. Wt. 13*3 kg. Vagal stimulation. A-B, artificial ventilation at the rate of 
64 per min. with air. B-C, the same rate of ventilation. 8 p.o. COg in air. 

value of 43*3 vol. p.c. (this figure is approximately normal for the dog 
under these conditions). At the point A artificial hyperventilation was 
applied at the rate of 64 per min. for a period of 80 min. The pump used 
had a stroke volume of 1700 c.c. There was a rapid fall in the volume 
output; 20 min. later the free and total acidity also fell. Coincidental 
with these changes the plasma COg content fell to 25*4 vol. p.c. In other 
experiments we have found that the COg content usually reaches an 
approximately constant low level within 20 min. after the application 
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of h3rperyentilatioii« The diminished acidity continued for 60 nodn. At 
this stage (B) a Douglas bag containing a mixture of 8 p.c. CO 2 and air 
was connected to the pump inlet. The rate of hyperventilation was kept 
constant. The acidity rose immediately to control levels; the COj content 


VOLUME 



Time (minutes) 

Fig. 2, Dog 10. Wt. 16 kg. Vagal stimulation. A-B^ artificial ventilation at the rate of 
74 per min. with air. C-D and the same. F-G, the same rate of ventilation. 
6 p.c. CO 2 in oxygen. 


of the plasma also rose reaching a level of 41-1 vol. p.c. in 27 min.; the 
pH fell below control levels. 

A second experiment is presented in Fig. 2. Secretion was obtained 
following vagal stimulation and maintained for a period of 50 min. 
Hyperventilation applied at A at the rate of 74 per min. reduced the 
volume of secretion, free and total acidity and plasma COg content. 
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Secretion practically ceased for a period of 100 min. Hyperventilation 
was discontinued at B, and the animal resumed a normal respiratory 
rhythm. The volume, free and total acidity rose to and above control 
values, as did the COg content. This procedure was repeated for a shorter 
period with similar effects (as may be seen in the figure C to D), A third 
application of hyperventilation {E to F) again reduced all values, and 
these were restored following the introduction of 5 p.c. CO 2 at F, In 
neither hyperventilation experiment was there any significant change 
in the total chloride content of the gastric secretion. 



Fig. 3 . Dog 36. Wt. 15 kg. Vagal stimulation. A, B and C, vagus ceased acting on heart. 

Position of electrodes changed. 

In a control experiment presented in Fig. 3, stimulation of the vagus 
produced gastric secretion which gradually rose to reach its height in 
1 hour. For a period of 5 hours secretion was maintained at a constant 
level of volume and acidity. This is longer than the total duration of 
the hyperventilation experiments. At the end of the 5 hours (point A 
in the figure) the volume of secretion diminished as did the free and total 
acidity. 

This decrease was due to a diminished excitability of the nerve at 
the point of contact with the electrodes. The values were returned to 
previous levels by moving the electrode to a fresh position on the nerves. 
This procedure was repeated on two subsequent occasions. At the end 
of the experiment the nerves were acting and the dog was in good con- 
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dition. The total period of stimulation was over 10 hours. We have 
considered the vagus nerve as acting satisfactorily when a typical effect 
on heart rate and blood-pressure resulted at each stimulation. In the 
experiments shown in Figs. 1 and 2 and in Table I, the nerves acted 
satisfactorily throughout according to this criterion. 


Tablis I. Dog 8. Wt. 17*4kg.: nerve stimulation. 


Sample 

Time 

Volume 

Free 

acidity 

Total 

acidity 

COj 

content 


No. 

min. 

C.C. 

g- p.c. 

g. p.c. 

vol. p.c. 

pH 

0 

Contents 

12*8 

000 

010 

_ 

_ 

1 

15 

1-7 

000 

007 

— 

— 

2 

20 

Stimulation current: 1 millivolt 
1-3 0 00 0 XO 



3 

20 

1-5 

006 

016 

_ 

_ 

4 

20 

4-4 

009 

0-20 

_ 

_ _ 

5 

20 

6*2 

015 

0-23 

_ 

_ 

C 

20 

— 

022 

0-31 

_ 

_ 

7 

10 

50 

0-29 

037 

_ 

_ 

8 

10 

4-4 

0-25 

0-36 

_ 

_ 

9 

10 

6*5 

034 

0-40 

_ 

_ 

10 

10 

60 

0-25 

0-37 

43*3 

7-3 

11 

10 

6-7 

0-32 

0-44 

_ 


12 

10 

5-5 

0-26 

0*36 

_ 

_ 

13 

10 

5-6 

0*28 

0*40 

_ 

_ 

14 

• 10 

5-5 

0*30 

0-37 

— 

— 

15 

10 

Acid injection commenced 

5-4 0-33 0-42 



16 

10 

Total of 75 c. 
4-6 

c. of 0-5 
0-35 

N HCl injected 
0*47 

43-3 

70 

17 

10 

3 7 

0 33 

0-45 

_ 

_ 

18 

10 

0-5 

0-25 

0-43 

24-2 

71 

19 

10 

0*3 

015 

0-.33 

_ 

_ 

20 

30 

0-2 

— 

— 

— 

_ 


B. Acid injection. 

In this experiment (Table I) over a period of 80 min. an average rate 
of secretion of 5*6 c.c. for 10 min. was maintained. The average for the 
free acidity was 0-29 g. HCl p.c. and for the total acid 0*38 g. HCl p.c. 
The COg content was 43-3 vol. p.c. and the pH 7-33. In a period of 
9 min. 75 c.c. of 0*5iV HCl were injected intravenously; immediately 
after the injection the plasma COg content was still 43*3, but the plasma 
pH had fallen to 7*00. The respiration of the animal had not yet in¬ 
creased. The secretion continued throughout the injection. The volume 
gradually fell over the 20 min. period following the cessation of acid 
administration. In contrast to this the free and total acidity showed 
a slight rise. When this length of time had elapsed, the secretion suddenly 
stopped and did not return for the remainder of the experiment. A blood 
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sample taken 10 min, after the cessation of secretion showed 24*2 vol 
p.c. of COj and a pH of 7*10. 

The dependence of secretion upon CO 2 content rather than upon 
blood pH is indicated in the above experiment. 

C. Injection of NaCN. 

Since it has been shown that hyperventilation by changing blood pH 
has the effect of shifting the dissociation curve of hasmoglobin in such 
a way that it yields oxygen less readily to the tissues, the possibility 
that the effect of hyperventilation may be due to interference with the 
oxygen supply of the gastric mucosa must be considered. It was decided 
to inject sodium cyanide as a means of interfering with tissue oxidation. 
Eepeated injections of 7 c.c. of iV/100 NaCN were given intravenously. 
The total amount given was 41 c.c. in 1 hour. Despite this the gastric 
secretion was not affected. Although the lethal dose for a 14 kg. dog 
was 30 c.c. given in a single injection, we do not know the degree of 
interference with tissue oxidation produced in the above experiment. 
The changes in the dissociation curve of hsemoglobin are dependent upon 
those in pH. The significance of the latter will be discussed later. 

After the above results were obtained, the possibility of an altered 
plasma COg and pH affecting the vagus nerve endings was considered. 
This was rendered improbable in view of the continued action of the 
vagus on the heart during hyperventilation. In an endeavour to exclude 
this possibility, histamine was used as it is considered to act directly 
upon the parietal cells [Popielski, 1920; Vineberg and Babkin, 
1931]. The operative procedure was identical with that of nerve experi¬ 
ments. The vagi were severed but not stimulated. 

(2) Histamine stimulation. 

A. Hyperventilation. 

In Fig. 4 it is seen that after a 20 min. period of secretion, artificial 
respiration was applied and continued for 60 min. (A-B) without any 
effect upon the course of the secretory activity. It was then discontinued 
for 50 min. without any effect. The dog was again hyperventilated for 
100 min. (C-D), the volume and acidity remaining practically constant 
although the plasma COg was lowered to 24*7 vol. p.c. and pH raised 
to 7*80. 5 p.c. CO 2 was introduced (D-E) with the rate of hyperventila¬ 
tion kept constant for a period of 30 min. This raised the COg content 
of the plasma to 61*0 and lowered the pH to 7*03. The effect of the COg 
was to diminish the secretion both in volume and acidity. This effect 
persisted for 45 min. after the COg had been discontinued; hyperventi- 
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lation was maintained throughout during the following 70 min. (E-F). 
The volume gradually rose; the free and total acidity also rose, but the 
former did not reach its previous value. 



Fig. 4. Dog 12. \Vt, 14-3 kg. At //, 4 mg. histamine subcutaneously. A-B, artificial 
ventilation at the rate of 70 per min. with air. C-D. the same. D-E, the same rate 
of hypt*rventilation. u p.c. COg in oxygen. E-F^ the same rate with air only. 

A second experiment is shown in Fig. 5. In this experiment CO 2 
and hyperventilation were applied {A~B) as soon as secretion had been 
established. The volume dt'creased gradually from the first, but the 
free acidity rose slightly and the total acidity remained constant for 
50 min. and then both fell off abruptly. The COg content of the plasma 
rose only slightly above control levels. The administration of COg was 

23 
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then discontinued and h 3 T)erventilation was continued at the same rate 
as before (B-C). The volume gradually increased, the free and total 
acid however remained low. Then 8 p.c. COg was again used in the 
inspired air (C-D). The recommencement of CO 2 was followed by a 



Fig. 5, Dog 14. At H, 4 mg. histamine subcutaneously. A^B, artificial ventilation at 
the rate of 74 per min. with 6 p.c. CO, in oxygen. B-C, same rate of ventilation with 
air only. C-D, with 5 p.c, CO, in oxygen. 

20 min. period in which a definite rise in free acidity took place. There 
was no change in volume. This was followed by a decrease in both 
volume and acidity continuing for 30 min. At this point (D) the dog 
was permitted to resume a normal respiratory rhythm, breathing air only. 
All values immediately rose and were maintained at an approximately 
constant level for 3 hours with no further injections of histamine. 
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Histamine is an extremely powerful gastric stimulant, and it is seen 
from the above results that once secretion is well established under its 
influence, h 3 rperventilation has no effect. However, from Pig. 5 there 
are indications that once histamine secretion has been depressed the 
hyperventilation tends to keep the values reduced. 



Fig. 6. Bog 16. Wt, 10’3 kg. At H, 4 mg. histamino subcutaneously. At A, 40 c.c. 
0*5A" HCl intravenously in 6 min. At B, 40 c.c. 0*6 HCl intravenously in 3 min. 
At C, 23 c.c. 0'5y HCl intravenously in 6 min. 

B. Injection of add. 

In the experiment illustrated in Fig. 6 secretion was maintained by 
histamine at a constant level for 70 min. Half normal hydrochloric acid 
was injected intravenously (A) (40 c.c. in 5 min.). For the next 40 min. 
no change in the character of secretion took place. A further 40 c.c. of 
acid was then injected {B) in 3 min. The values decreased only slightly 
for the next 60 min. A third injection (C), 23 c.c. in 6 min., was made. 

23--2 
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Secretion stopped abruptly and 55 min. later the dog died. The blood 
COg content was at the usual level at the beginning of the experiment, 
and, following the first injection of acid, fell and declined with each 
subsequent injection of acid. The pH also decreased over these periods. 



Fig. 7. T)og 21. Wt. 23-3 kg. At H, 4 mg. histamine subcutaneously. A-B, 120 o.c. 0-5N 
lactic acid intravenously at the rate of 3 c.c. i)er min. 


Because HCl is the acid of gastric secretion, and because it does not 
enter the blood in physiological conditions, it was decided to use lactic 
acid which occurs in normal metabolism. Fig. 7 demonstrates the 
absence of effect of the injection of large quantities of lactic acid on 
histamine secretion after it has been established. The CO 2 content and 
pH of the plasma were lowered and the lactic acid content of the blood 
rose. Toward the end of the experiment secretion gradually declined. 
The death of this animal was due to an overdose of ansesthetic. 
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From Figs. 6 and 7 it may be seen that under conditions of 
low plasma CO 2 content and low pH, histamine secretion, unlike that 



Hg. 8. Bog 17. Wt. 14*6 kg. At H. 4 mg. histamine subcutaneously. A-B. 47 c.c. 10 p.c. 
sodium bicarbonate intravenously at the rate of 0*5 c.c. per min. C-D, 120 c.c. 
0*5HCl intravenously at the rate of 1*3 c,c. per min. 75 c.c. 10 p.c. sodium 
bicarbonate intravenously. 

produced by vagal stimulation, continues for long periods unaffected. 
If, however, these conditions of low CO 2 content and low pH are in 
existence before the histamine is injected, it fails to produce a flow of 
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gastric juice. This occurred in tkree experiments. The acidosis occurred 
spontaneously for unknown reasons. One of these experiments is illus¬ 
trated in Fig. 8. At the commencement of the experiment the plasma 
COg was 28-4 vol. p.c. and pH 7'30. Eepeated doses of 4 mg. of histamine 
were given at hourly intervals. The usual latent period following this 
dose of histamine is not more than 20 min. In this experiment there 
was no secretion for 145 min., but it appeared 15 min, after the commence¬ 
ment (A) of an intravenous injection of 10 p.c. sodium bicarbonate and 
was well maintained for a period of 120 min. Hydrochloric acid was 
then injected (C-Z)), and in this case the secretion gradually diminished 
and finally ceased. When secretion was well established, the COg content 
was 48*7 vol. p.c. and the pH 7*6. Following the injection of acid when 
secretion ceased the COg content was 27*7 and the pH 7-27. It will be 
observed that a period of 85 min. elapsed between the last histamine 
injection and the commencement of secretion after the injection of 
NaHCOg intravenously. This indicates that the inhibition of gastric secre¬ 
tion under conditions of initial acidosis is not due to a rapid destruction 
of the histamine injected. 

A similar inhibition of secretion under conditions of initial acidosis 
occurred in vagal stimulation experiments, and as in the case of hista¬ 
mine a flow of gastric juice was established following the injection of 
sodium bicarbonate. In another case of initial acidosis where no in¬ 
jection of sodium bicarbonate was given, acidosis progressively increased 
and repeated hourly injections of histamine failed to stimulate the gastric 
glands. The animal died 5 hours after the first histamine injection. The 
injection of 250 c.c. of normal saline failed to induce secretion. This 
indicates that dehydration is not the cause of the inhibition of secretion. 

C. Injection of sodium cyanide. 

As in the casetof nerve stimulation, repeated doses of 7 c.c. of NjlOO 
sodium cyanide at 10 min. intervals over a long period of time had 
absolutely no effect on the functioning of the gastric mucosa. The 
characteristic effect of sodium cyanide on respiration and blood-pressure 
was obtained at each injection. 

In all the histamine experiments the standard dose used was 4 mg. 
injected every hour, and in numerous experiments we have found that 
once a satisfactory flow of secretion has been established, it will be 
maintained at a constant level of volume, free and total acidity for 
periods as long as 10 hours. 
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Discussion. 

A definite relation between the COg content of the plasma and gastric 
secretion is seen in the group of nerve stimulation experiments. H 3 rper- 
ventilation causes a cessation of gastric secretion. That this cessation is 
related in some way to the coincident lowering of the CO 2 content of 
the plasma is indicated by the restoration of the flow of gastric juice 
by the increase of the CO 2 content of the inspired air. The mechanism 
of the above effects is dependent upon numerous factors. We do not 
feel that a complete explanation is possible at the present time. We 
believe, however, that there are certain of these factors which can be 
excluded. Hyperventilation has been found by previous authors to have 
a variety of effects upon the vaso-motor system and upon the chemical 
composition of the blood. Dale and Evans [1922] found a marked 
lowering of blood-pressure and considerable shock in cats under ether 
anaesthesia. McDowall [1930] showed that this fall in blood-pressure 
did not always occur under chloralose. Lowering of blood-pressui’e if 
due to splanchnic vaso-dilatation should favour secretion. The blood- 
pressure effect was not marked in our experiments, being at most 
30-40 mm. of mercury. The initial pressure was high owing to the pro¬ 
portions of the chloralose-urethane mixture used. Also, in several ex¬ 
periments nerve stimulation has maintained satisfactory secretion with 
blood-pressures lower than those produced by hyperventilation. The 
changes in systemic blood-pressure do not, therefore, appear to be the 
causative factor in the gastric effect. This does not, however, exclude 
the effect of variations in blood flow through the gastric mucosa. Vaso¬ 
constriction of blood vessels might be expected to cause a diminution in 
secretion. It has been indicated by Lim and Necheles [1927] that 
within limits the rate of gastric secretion is independent of the blood 
flow through the stomach. Furthermore, hyperventilation has been 
shown to dilate the splanchnic vessels [Dale and Evans, 1922], and 
this occurs even mider chloralose [McDowall, 1930]. We have not 
studied blood flow in our preparations but feel that its influence may 
be disregarded in view of the findings quoted above. Mechanical effects 
of hyperventilation are excluded by the maintenance of a constant rate 
of ventilation throughout the whole experiment, both during cessation 
of secretion and during its restoration by CO 2 . 

The changes in blood electrolytes occurring under hyperventilation 
have been extensively studied [Henderson and Haggard, 1918; 
Collip and Backus, 1920; Grant and Goldman, 1920; Davies and 
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others, 1920; Anrep and Cannan, 1923; Haldane and others, 1924], 
The experiments have been made almost wholly upon human subjects. 
The main changes which take place are a lowering in the COg content 
of the blood, a rise in pH and in lactic acid content, a shift of water and 
chloride from corpuscles to plasma. Dependent upon the change in pH 
tl^ore is an alteration in the dissociation curve of hsemoglobin. Other 
electrolytes such as phosphates and sulphates also participate in the 
shift from corpuscles to plasma. The blood picture in our experiments 
conforms to these findings (Table II). The increased loss of COg through 


Table II. Changes in blood constituents under hyperventilation 
of a 5 p.c. CO 2 oxygen mixture. 



CO 2 

plasma 

m.Eq./l. 

pH 

Lactic 

acid 

blood 

m.Eq./l. 

Cl 

plasma 

m.Eq./l. 

Cl 

blood 

m.Eq./l. 

Before hyperventilation 

18 3 

7-24 

3-67 

106-4 

86-4 

After 60 min. Hyperventilation 

9-5 

7-60 

8*22 

105-1 

84-2 

76 per min. 

40 min. 5 p.c. CO 2 oxygen mixture. 






Ventilation 76 per min. 

After 30 min. Hyperventilation, 

93 

7-57 

10-1 

105-0 

81-7 

air only 

After 30 min. 5 p.c. CO 2 oxygen 

18-9 

710 

3-81 

104-9 

85-3 

mixture. Ventilation 76 per min. 
After 30 min. natural respiration. 

15-5 

7-34 

11-9 

103-6 

83-1 

air only 

Cl 

Plasma 

Inorganic 

Total 



corpuscles proteins phosphorus base serum Cell 
m.Eq./h g. p.c, mg./lOOc.c. in.Eq./l. volume 


Before hyperventilation 

56-3 

8-05 

6-66 

126-2 

40 

After 50 min. Hyperventilation 

76 per min. 

50-7 

8-65 

3-46 

131-4 

39 

40 min. 5 p.c. CO* oxygen mixture. 
Ventilation 76 jier min. 

— 

— 

— 

— 

— 

After 30 min. Hyperventilation, 
air only 

44-2 

9-04 

4-70 

132-2 

39 

After 30 min. 6 p.c. COj oxygen 
mixture. Ventilation 76 per min. 

68-3 

8-28 

7-20 

138-6 

42 

After 30 min. natural respiration, 
air only 

54-1 

— 

8-33 

169-6 

41 

Hog 13. Wt. 14 kg. Histamine (4 mg.) injected hourly. Secretion of gastric juice main¬ 
tained throughout the experiment. Inorganic phosphates determined by the method of 


Fiske and Subbarow [1925J and total base by that of Stadie and Ross [1925]. Corpuscle 
chlorides were obtained by difference. m.Eq./l. =milli-cquivalent8 per litre. 

the lungs with the consequent fall in the blood COg content is responsible 
for the other changes in blood electrolytes which are of a compensatory 
nature. 
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That the lowered COg content rather than the raised pK is the factor 
involved in the gastric effect is indicated by the experiments in which 
initial acidosis with a lowered COg and a lowered pH prevented the 
production of secretion. The subsequent injection of sodium bicarbonate 
raised the COg content of the plasma, raised the pH and caused secretion 
to commence. The above-mentioned experiments of Szilard [1930] and 
others also indicate that a high pH produced by administration of sodium 
bicarbonate does not inhibit but rather favours the secretion of acid 
gastric juice. In the case of hyperventilation, no secretion was obtained 
when there was a low COg content and a high pH, whereas in the case 
of initial acidosis no secretion was obtained when there was a low COg 
and a low pH. Raising the COg content and lowering the pH induced 
secretion in the former instance, and raising the COg and raising the pH 
induced it in the latter. Hence, one may conclude that the observed 
changes in secretion are not directly due to the changes in plasma pH 
nor to concomitant alterations in the oxygen dissociation curve of 
heemoglobin. The experiments with cyanide also indicate that the oxygen 
tension in the secreting cells may be varied to some degree at least 
without effect on secretion. 

Apperly and Crabtree [1931] have attempted to separate the 
effects of HgCOg and of “HCOg.’’ The former they regard as controlling 
the amount of gastric acidity and the latter its concentration. We feel 
that neither their results nor ours justify a definite decision on the 
relative importance of COg present as HgCOg and as “HCOg.” In this 
connection we may cite the experiment described above where the secre¬ 
tion obtained by vagal stimulation was temporarily increased in free 
HCl concentration by the injection of hydrochloric acid, while HgCOg 
concentration increased at the expense of ‘"HCOg.” In the experiments 
with hyperventilation, the changes in HgCOg are naturally greater than 
the changes in “HCOg”; on the other hand, the induction of secretion 
and a rapid rise in the concentration and amount of free HCl by in¬ 
jecting sodium bicarbonate into dogs in which spontaneous acidosis had 
prevented the response to vagal stimulation or to histamine, are accom¬ 
panied by great increases in “HCOg” with only slight changes in HgCOg 
concentration (calculated from the Henderson-Hasselbalch equa¬ 
tion). 

The lowered plasma COg content may conceivably act either directly 
upon the nerve or its terminations or alternatively upon the chemical 
mechanism necessary for the formation of gastric secretion. 

Just how changes in plasma COg content affect nerve conduction 
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and nerve endings we are unable to state. In our experiments when 
secretion had diminished under hjTperventilation, there was no change 
in the cardio-inhibitory action of the vagus. It is, however, possible 
that the nerve endings in the stomach might be affected. The possible 
effect of lowered COg content on the liberation and destruction of a 
“vagus substance” should also be considered. 

On the view that the action of COg is a chemical one rather than an 
action on nerve sensitivity, its effect may be a direct one in the reaction 
for the formation of hydrochloric acid in the parietal cells or an effect 
upon the ionic equilibria between blood plasma and tissue fluids or be¬ 
tween tissue fluids and parietal cells. The lowered COg content may 
prevent transfer of chloride to the mucosa or parietal cells. This retention 
of chloride tends to take place to balance the fixed base liberated when 
the bicarbonate ion content of the blood or tissue fluid is lowered. In 
connection with this it may be noted that recently Babkin [1932] and 
Webster obtained a gastric secretion introducing COg gas into the 
stomach of dogs with different permanent gastric fistulae. 

In the group of histamine experiments it will be observed that the 
results differ decidedly from those of the nerve stimulation experiments. 
When histamine secretion was established hyperventilation had little 
inhibitory effect, even though blood conditions were similar to those of 
the nerve experiments. The inhalation of COg is seen to tend to inhibit 
histamine secretion. While this cannot be explained, we feel that it does 
not invalidate the main argument. In several cases of initial acidosis 
with low^ COg and low pH, no secretion was obtained with histamine 
stimulation and as in the nerve experiments, it was activated when 
the COg and pH were raised following the injection of sodium bicar¬ 
bonate. On the other hand, when acidosis is produced by the adminis¬ 
tration of acid during histamine secretion, no inhibitory effect is observed. 
The absence of effect after histamine secretion has been established does 
not invalidate a chemical interpretation of the essential part played by 
COg in the formation of HCl. It is possible that the level of COg required 
for secretion may be related to the strength of the stimulus producing 
that secretion. It is impossible to lower the COg content of the blood 
and of the tissues beyond a certain value. If the stimulus is an ex¬ 
tremely powerful one (such as histamine) the parietal cells may be 
capable of utilizing the remaining COg which they are incapable of 
doing under a weaker and more physiological one (such as vagal 
stimulation). The absence of secretion under conditions of acidosis 
existing prior to the injection of histamine indicates that a lowered 
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CO 2 content is capable of inhibiting the action even of this powerful 
stimulant. 

The clinical application of these results appears to us to be of some 
importance. Apperly and Crabtree [1931] have indicated some con¬ 
ditions in which the lowering of gastric secretion may be correlated with 
lowered sodium bicarbonate in the blood. We would draw attention to 
some considerations which may be of significance in any clinical applica¬ 
tion. We have found that the level of arterial COg content at which 
inhibition of secretion takes place is about 30 vol. p.c. This is true 
whether the lowering of the COg is due to hj^erventilation or to acidosis. 
This corresponds to a venous COg content of about 36 vol. p.c. In one 
experiment where both COg content and the ordinary COg combining 
power on separated plasma were done, the initial values were: COg 
content, 34-8 vol. p.c., and the capacity or combining power, 39*5 vol. 
p.c.; after secretion was well established the values were: content 43*3 
and capacity 45*1. Under h 3 ^erventilation when secretion had ceased 
and the COg content had been lowered to 25*4, the capacity was only 
lowered to 35-8. After the administration of COg the content was 41*4 
and the capacity 40*5. These figures are presented to indicate that the 
COg combining power of the separated plasma is not a suitable index 
in the case of hyperventilation of the relations between COg and gastric 
secretion. Complete inhibition of secretion in this experiment took place 
when the arterial COg combining power was 36 vol. p.c. This corresponds 
to a venous COg combining power of about 42. A definite decrease in 
secretion might, therefore, be expected even if the COg combining power 
were only slightly lowered. Such a slight lowering is not uncommon 
with mild acidosis and with hyperventilation and might easily influence 
the character of gastric secretion. It would be diflBicult to detect these 
changes in the case of hyperventilation by the use of the ordinary COg 
combining power determination in venous blood. Changes in COg alveolar 
air tension and hence of COg content of the blood during sleep and on 
waking [Leathes, 1919; Endres, 1922] and during digestion [Forges, 
Leimdorfer and Markovici, 1911; Dodds and Bennett, 1921] do 
take place under physiological conditions. 

It is possible on the other hand that a raised COg content sensitizes 
the parietal cells so that they respond more readily to a weak stimulus. 
This may be of importance in cases of hypersecretion where apparently 
a stimulus which in normal individuals would initiate a secretion of 
average acidity produces an excessive secretion with abnormally high 
acid content. For some years there has been a controversy as to the 
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usefulness of sodium bicarbonate therapy in the treatment of gastric 
ulcer, with hyperacidity. Our results would tend to support those who 
hold that its use though producing a temporary neutralization is followed 
by a secretion of greatly augmented acidity. 

Summary. 

1. Gastric secretion produced by vagal stimulation in dogs under 
chloralose-urethane anaesthesia is inhibited by hyperventilation. It is 
restored by raising the COg content of the inspired air, though the 
h)rperventilation is maintained at the same rate as before. 

2. Secretion is also inhibited by the injection of acid intravenously 
and by the occurrence of acidosis prior to the stimulation of the nerves. 

3. The factor involved in the effect of hyperventilation and acidosis 
on gastric secretion is the lowering of the COg content of the plasma 
rather than the accompanying changes in plasma pH. 

4. Gastric secretion in response to vagal stimulation is inhibited 
when the COg content of the arterial plasma falls below 30 vol. p.c. 

6. Secretion in response to injections of histamine is also inhibited 
by the occurrence of acidosis prior to the commencement of secretion 
but not by acidosis or hyperventilation produced after secretion is 
established. 
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THE INFLUENCE OF THE PARATHYROID ON THE 
METABOLISM OF CREATINE AND 
PHOSPHORIC ACID. 

Part I. Phosphate excretion after injections of 
creatine and parathormone. 
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Part II. Regulation of creatine phosphate 
after thyroparathyroidectomy, etc. 

By C. G. IMRIE and CONSTANCE N. JENKINSON. 

(From the Department of Physiology^ The Universityy Sheffield.) 

PART I. 

There is evidence that the administration of creatine to cats is followed 
by a temporary reduction in the output of phosphates by the kidney. 
The effect appears to be determined not so much by the amount of 
creatine given as by the quantity retained in the body, since the re¬ 
tention of creatine in amounts equivalent to 80 mg. or more per kg. of 
body weight is associated with a greater decrease in the excretion of 
phosphate than occurs when the amount retained is less [Brown and 
Imrie, 1931 a]. There is also evidence that the concentration of total 
acid-soluble phosphorus in the muscles tends to be high when the content 
of creatine is high normally or has been raised experimentally [Brown 
and Imrie, 1931 6]. It is conceivable therefore that creatine, so ad¬ 
ministered, combines with phosphoric acid and is taken up by the 
muscles possibly as creatine phosphate. 

It is well known that the parathyroid gland influences the metabolism 
oi phosphorus and that creatinuria occurs in animals deprived of their 
parathyroids. In view of this, some experiments have been carried 
out to test the effect of parathyroid extract on the reaction just referred 
to between creatine and phosphoric acid. 
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Expebimbntal procedure. 

Decerebrate cats were used. Creatine in amounts corresponding to 
200 mg. per kg. of body weight, dissolved in normal saline 86 c.c./kg., 
was injected intravenously at a uniform rate. The injection time was 
3 hours. Parathormone (CoHip) was given in doses of 20 units as indi¬ 
cated in the charts. The urine was collected each half hour. The phos¬ 
phates were determined by Brigg’s method, the creatine by the method 
of Folin. In all experiments an hour elapsed after decerebration before 
the injections were begun. 

Fig. 1 comprises the results of four experiments where creatine was 
injected; in three of these parathormone had been given and in one it 
had not. The difference is striking. With creatine alone the output of 
phosphates is diminished for a brief period only; with parathormone it 
is in total abeyance for 4^-6 hours, i,e. to the end of the period of obser¬ 
vation. This effect is manifest in 1^, 2 and 5 hours respectively in the 
three experiments. Only one experiment in which creatine alone was 
given is included, as details of similar experiments are to be found in a 
former paper [Brown and Imrie, 1931 a]. 

In Fig. 2 are shown the results with single doses of parathormone 
(20 units), on one occasion administered 18 hours before the injection of 
creatine was begun, on the other immediately before. In the former 
instance (Exp. 11) the effects resemble those with two doses, the phos¬ 
phates are practically gone from the urine in If hours and have not 
returned 11 hours later; in the latter (Exp, 7) the phosphates disappear 
for 3 hours and then gradually return. Two control experiments with 
parathormone and saline are included. 

In one of these (Exp, 4) where no diuresis occurs the output of 
phosphates is maintained, and in the other (Exp. 6) with a moderate 
diuresis it rises with the onset of the diuresis and then falls some¬ 
what. 

Certain points arise from these experiments upon which comment 
may be made. The reduction in the output of the phosphates by the 
kidney associated with the administration of creatine is more pronounced 
when parathyroid extract has been given some hours before the creatine. 
In one experiment where it was given immediately before the creatine 
it did not appear to exert any influence (Exp. 7). The doses of para¬ 
thormone given were large, perhaps larger than necessary, but they do 
not appear to affect the power of the kidney to excrete water, phosphate 
or creatine. Collip, Clark and Scott [1926] observed that massive 
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Creatine injected nig./kg. 

Creatine retained mg./kg. 

Volume of saline injected, 86 c.c./kg. 
Total volume of urine, c.c. 
Parathormone, units injected: 

18 hours before exp. 

Immediately before exp. 


11 
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4 
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— 
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87 
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— 

— 
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single doses of the extract may be given to dogs without injurious effect, 
and that cats are more resistant to parathormone than dogs. It is 
unlikely therefore that the results are due to a toxic action of the 
parathormone on the kidney. 

The striking diuresis which occurred in three of the experiments 
with parathormone and creatine is of interest. During the course of 
two of these the volume of the urine was greater than that of the fluid 
injected, and in a third it was only a little less. The disappearance of 
the phosphates from the urine was more abrupt in these instances. In 
Exp. 7, however, where it is reasonable to suppose a creatine effect 
alone was obtained as there was not sufficient time for the parathormone 
to act, no diuresis occurred within the first 6 hours, but the phosphates 
disappeared from the urine and reappeared 3^ hours later. This subject 
has not been pursued further. 

Since the results suggest that the parathyroid gland is concerned 
with the metabolism of creatine and phosphorus in the body, it was 
thought desirable to seek more direct evidence of such a relationship by 
a study of the creatine phosphate in the muscles under similar experi¬ 
mental conditions. Accordingly, a short series of experiments were 
carried out in which determinations were made of the creatine phosphate 
in the muscles of cats before and after the injection of creatine, with 
and without parathormone. 

Decerebrate cats were used. After decerebration the nerves to the 
hindlimbs were cut to eliminate the influence of such factors as decere¬ 
brate rigidity and muscular movements. The preparations were left an 
hour to recover from the effects of the anaesthetics and the muscular 
movements associated with the induction of anaesthesia. Portions of 
muscles were removed for examination before the injections were begun, 
immediately after they were completed and 1 hour later. Creatine phos¬ 
phate was determined by the Eggletons* method [P. and E. G. 
Eggleton, 1929]. Creatine, 200mg./kg. dissolved in 85 c.c./kg. of 
normal saline, when given was injected during 3 hours. In two experi¬ 
ments saline only was administered, in two creatine alone, in one saline 
after parathormone, and in four others creatine after parathormone. 
One dose of the extract, 20 units, was given on these occasions. The 
figures for these experiments are set out in Table I. 

There is a tendency for the concentration of the creatine phosphate 
to rise to a higher level in those instances where creatine and para¬ 
thormone were both given than in the others where each was given 
separately or saline without either of them. The difference is not very 
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Tablb I. Greatino phosphate in the muscles of cats. 



I 

11 

III 

IV 

Saline 

71-3 

75*6 

66*6 

70*9 


68*5 

66-8 

73*6 

69*3 

Creatine 

60-6 

62*4 

60'5 

74*5 


63*6 

63*0 

68*4 

71*0 

Parathormone and saline 

581 

55*9 

65-7 

58*9 

Creatine and parathormone 

61*6 

63*2 

710 

81*2 

it 

57*8 

67*4 

69*6 

81*7 

>> 

63*7 

68*4 

78-8 

72*7 

„ 

69*7 

70*2 

83*9 

72*4 


Figures express mg. of phosphorus as creatine phospliate per 100 g. of muscle. 

I and II, muscles removed before injections, 111 at the end of the injection and 
IV 1 hour later. 

Saline 85 c.c./kg., creatine 200 mg./kg. dissolved in 85 c.c./kg., given in 3 hours. 
Parathormone 20 units, 18 hours before the experiments. 


great, but it is quite possible that the high values represent the maximal 
capacity of the muscles for creatine phosphate. 

When parathormone is administered alone without the subsequent 
injection of any fluid, it docs not appear to influence the concentration 
of creatine phosphate or the otlier forms of phosphorus in the muscles. 
This is shown in the figures of Table II. They are the values obtained 
from the muscles examined in the experiments just described before 
the injections of creatine or saline were begun. 

Table II. 


Phosphorus per 100 g. of muscle as 



Creatine 

Ortho¬ 


Pyro¬ 


Total 



phos¬ 

phos¬ 

Soluble 

phos¬ 

Insoluble 

phos¬ 

Water 


phate 

phate 

ester 

phate 

ester 

phate 

p.c. 

Control 

71*3 

24-4 

20-2 

35*9 

30*3 

182 

_ 

9f 

68-6 

25-1 

4-5 

33*5 

35-8 

167 

74*7 


63*6 

27-4 

10-3 

39*1 

28*4 

169 

74*6 


62-8 

28-3 

14-2 

40*0 

440 

190 

74*1 


60*6 

34*0 

5-2 

37*5 

37*3 

175 

76*7 

Avera^ 

*65*4 " 

'27*8 

10*9’ 

37*2 

35*2 

177 

75*6~ 

Parathormmo 

68-4 

25*5 

11*3 

30*0 

32*6 

168 

73*4 

n 

67*6 

331 

13*8 

38*9 

32*6 

186 

72-5 

it 

64*8 

33*2 

21*2 

29*5 

60*6 

199 

74*8 

t* 

61*6 

32*6 

17*6 

36*4 

45*7 

194 

740 

a 

58*1 

28*6 

230 

342 

400 

184 

74*3 

it 

67*8 

30*0 

18*8 

— 

_ —_ 

168 

73*^ 

Averages 

63*1 

30*5 

17-6 

33*8 

40*3 

183 ^ 

73*7 


Parathormone, 20 units administered 18 hours before. 


As seen in the table the average figures for the creatine phosphate 
in the two groups, the one where parathormone had been given, the 
other where it had not, are practically the same. Similar comment may 

24—2 
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be made regarding the other forms of phosphorus except the soluble 
esters. In two of the controls very low values for this form of phos¬ 
phorus were found. 

Tablk III. Thyroparathyroidectomized oats. 


Milligrams of phosphorus per 100 g. of muscle as 


Crciatine 

Ortho¬ 


Pyro- 

phos¬ 


Total 


phos¬ 

phos¬ 

Soluble 

Insoluble 

phos¬ 

Water 

phate 

phate 

ester 

phate 

ester 

phate 

p.c. 

1. Decerebrated at 10.30 a.m.; 

Muscles removed at 

11 a.m. 30-5 

73-4 

4-5 

40*8 

18-2 

167 

74-3 

12 noon 25-7 

II. Decerebrated at 10.30 a.w. 

82*9 

6*8 

381 

19*4 

172 

73-2 

Muscles removed at 

11.10 a.m. 341 

73-7 

3-9 

19*6 

13-9 

145 

75-7 

12 noon 27-2 

78-3 

9'7 

31-9 

12-8 

160 

75-4 

III. Chloralose at 10.45 a.m.; 

Muscles removed at 

11.15 a.m. 35-7 

61*4 

16-8 

41 3 

30-5 

186 

— 

12.30 p.m. 32-9 

63-1 

17-8 

41-5 

28-4 

184 

— 

2.30 p.m. 281 

76*6 

12-8 

52-4 

32-1 

202 

— 

4.30 p.m. 34*4 

700 

14-9 

51-2 

31 0 

201 

— 


In Table III are shown figures which were obtained from the muscles 
of three cats which had developed tetany following thyroparathy- 
roidectomy. The nerves to the hindlimbs were cut after decerebration or 
the administration of ether for the injection of chloralose, and muscles 
were removed for examination at the times indicated in the table. The 
concentration of creatine phosphate is low, that of the orthophosphates 
high, as compared with normal values, and in Exp. 3 the creatine 
phosphate has not increased during the period of observation. The ortho¬ 
phosphates have remained much higher than normal. The influence of 
the parathyroid on the resynthesis of creatine phosphate will be con¬ 
sidered in the next paper. 


Conclusions. 

1. The temporary reduction in the output of phosphates by the 
kidney, which follows the administration of creatine, is rendered more 
pronounced by parathyroid extract (Collip’s parathormone). 

2. Following the injection of creatine, somewhat higher values for 
the creatine phosphate in the muscles are found in cats which have re¬ 
ceived parathyroid extract previously than in those which have not. 



CREATINE PHOSPHATE AND PARATHYROID, 373 


3. Parathyroid extract as administered in the experiments described 
does not appear to influence the concentration of creatine phosphate or 
the other forms of phosphorus in the muscles of normal cats. 

4. In three thyroparathyroidectomized cats which had developed 
tetany the concentration of creatine phosphate was low, that of the 
orthophosphates high, as compared with normal muscles, and remained 
so throughout the period of observation. 


PART II. 

The results set out in Part I suggest that the parathyroid gland may 
be concerned with the metabolism of creatine phosphate in the muscles. 
It is conceivable that the resynthesis of creatine phosphate is under 
hormone control and that the parathyroid glands provide the hormone. 
In order to test this hypothesis some observations have been made on 
the rate of resynthesis of creatine phosphate following stimulation of 
the muscles in normal and thyroparathyroidectomized cats. 

Experimental procedure. 

Cats, decerebrated or anaesthetized with chloralose were used. Imme¬ 
diately after decerebration or the induction of ether anaesthesia for the 
chloralose injections, the crural and sciatic nerves in both hindlimbs 
were cut. The animals w^ere left an hour in order that they should recover 
from the effects of the ether and from the changes in the creatine phos¬ 
phate arising from the muscular movements associated with the in¬ 
duction of anaesthesia. A portion of muscle was then removed for 
examination and the peripheral ends of the divided nerves were faradized 
for 20 min. The two electrodes employed were attached to the same 
induction coil. Determinations were made on muscles removed imme¬ 
diately after stimulation, at 15 min. intervals for the first hour and at 
the end of the second and third hours. The Eggletons’ method [1929] 
was followed throughout except that the muscles were killed in liquid 
air. It was found that the muscles were pulverized more readily when 
this procedure was adopted. The concentrations of the different forms 
of phosphorus were determined, but in this paper only the creatine 
phosphate and the orthophosphate will be considered. 
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Eesults. 

In Table I are set out figures for the creatine phosphate before and 
after stimulation, obtained from the muscles of seven normal cats, two 
decerebrated and five under chloralose. The results show quite clearly 


Table I. Creatine phosphate in the muscles of normal cats before and after stimulation. 
Figures express creatine phosphate as mg. phosphorus per 100 g. muscle. 

Wt. D Before 


in or stimu- 


No. 

kg. 

C 

lation 

Zero 

15 min. 

30 min. 

45 min. 

60 min. 

2 hr. 

3 hr. 

4 

3 

D 

75*3 

340 

48-5 

52-7 

660 

71-7 

72-2 

— 

3 

3 

D 

69-6 

32-3 

39-2 

62-7 

64*3 

68-9 

68*7 

— 

9 

1*8 

C 

64-1 

30*5 

46 

62-2 

66-3 

53 

61*4 

63*3 

10 

1*8 

C 

62*8 

30-6 

39 

44.4 

61*9 

56-6 

59 

— 

6 

1-9 

C 

60-5 

31-8 

44-8 

41-6 

44-6 

54-5 

602 

— 

8 

1-9 

C 

54 

27-8 

37-2 

46 

42-7 

41-5 

41 

49 

7 

1-6 

C 

44-2 

27-6 

36-2 

34*4 

44 

47*6 

60-6 

52 


Averages 


61-6 

30*7 

39 

44-6 

61-9 

~ 66-6 

621 ' 



D, decerebrate; C, chloralose. 


that the concentration of creatine phosphate is reduced by stimulation, 
its resynthesis is gradual and that from 45 to 60 min. elapse before the 
original value is restored. 

In Table II, where figures for the orthophosphates in these experi¬ 
ments are recorded, changes of an opposite character appear. The con¬ 
centration of the orthophosphates increases as a result of stimulation 


Table II. Orthophosphates in the muscles of normal cats before and after stimulation. 
Figures express orthophosphates as mg. phosphorus per 100 g. muscle. 



Wt. 

D 

Before 









in 

or 

Btimu> 








No. 

kg. 

C 

lation 

Zero 

15 min. 

30 min. 

45 min. 

60 min. 

2 hr. 

3 hr. 

4 

3 

11 

44-9 

74-2 

62-9 

55-6 

46 

40*7 

53*9 

_ 

3 

3 

D 

45-3 

75-4 

74-8 

60-5 

48 

42*5 

39 

_ 

9 

1-8 

C 

.34*4 

73*1 

46-3 

42-9 

36*3 

46*3 

34*2 

39 

10 

1-8 

C 

29-8 

55-5 

61-9 

42-9 

43*3 

35 

32*5 

341 

6 

1-9 

C 

31-8 

58 

40-7 

49-7 

48*2 

40*5 

37*3 

— 

8 

1-9 

C 

41 

82-2 

74-1 

59*5 

61*2 

45-1 

60*5 

45* 1 

7 

1-5 

C 

31-2 

62-6 

63-6 

49-6 

46*2 

42-8 

37-3 

31*2 


Averages 

36-9 

68-7 ~ 

57-7 

* Vl-6 " 

47 

41*8 

40*7 

37*3 


D, decerebrate; C, chloralose. 


and then decreases at a rate corresponding to that at which the creatine 
phosphate is resynthesized. In Chart 1 the average figures for the 
creatine phosphate and the orthophosphates in this group of experiments 
are plotted in the form of a graph. The reciprocal nature of the changes 
and the degree to which they correspond are clearly shown. 



CREATINE PHOSPHATE AND PARATHYROID. 376 


mg. P. 

p«r 100 g. muscle 



Chart 1. Creatine phosphate and orthophosphates before and after stimulation in the 
muscles of normal eats. 

Chart 2. Creatine phosphate and orthophosphates before and after stimulation in the 
muscles of thyroparathyroideetomized cats. 

Chart 3. Creatine phosphate and orthophosphates before and after stimulation in the 
muscles of thyroparathyroideetomized cats treated with parathormone. 

Ordinates; mg. phosphorus per 100g. muscle. Abseisste: time, B, before stimulation; 
O, immediately after stimulation. Continuous line, creatine phosphate. Interrupted 
line, orthophosphates. 
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But in animals which have developed tetany following thyropara- 
thyroidectomy quite a different result is obtained. Values for the creatine 
phosphate and the orthophosphates in the muscles of twelve such cats 
are set out in Tables III and IV respectively, and graphs of the averages 


Table III. Creatine phosphate in the muscles of thyroparathyroidectomized oats before 
and after stimulation. Figures express creatine phosphate as mg. phosphorus per 
100 g. muscle. 

Days 

Wt. D after Before 


No. 

in 

kg. 

or 

C 

opera¬ 

tion 

stimu¬ 

lation 

Zero 

15 min. 

30min. 45min. 

60 min. 

2 hr. 

3 hr. 

1 

2 

D 

3 

65*4 

28-1 

28-4 

31*7 

36*2 

34*6 

33*1 

_ 

14 

1-6 

C 

2 

58-6 

34-8 

36*2 

37*2 

32*8 

32*4 

42*0 

— 

13 

0*9 

C 

1 

54-5 

36-6 

42*3 

41*0 

41*7 

39*0 

39*2 

— 

4 

2-4 

D 

12 

54-1 

25-8 

32*2 

28*2 

30*6 

38*2 

37*0 

— 

9 

1-6 

C 

2 

52-6 

25-4 

27*8 

28*0 

28*5 

32*8 

35*4 

— 

2 

2-2 

D 

6 

49-5 

23-1 

38*0 

32*7 

41*6 

46*8 

42*4 

— 

11 

1-5 

C 

2 

48-6 

23*5 

28*0 

31*5 

38*0 

35*1 

28*3 

30*8 

8 

2 

C 

2 

44-9 

24-6 

38*0 

32*7 

41*6 

46*8 

42*4 

— 

26 

1-2 

C 

1-5 

44-4 

27*3 

332 

29*3 

31*5 

33*0 

30-6 

32*4 

25 

1 

C 

6 

40-8 

30-5 

32*2 

28*5 

27*8 

26*8 

35*2 

34*8 

5 

2-4 

D 

5 

37-8 

200 

22*6 

17*9 

160 

17*4 

13*1 

— 

6 

1-5 

D 

1 

23-2 

12-2 

12*7 

11*6 

11*3 

12*0 

— 

— 



Averag 

es 

47-8 

260 

310 

29*2 

31*5 

32*9 

34*4 



D, decerebrate; C, chloralose. 


Cat No. 4 developed tetany on the fifth day, was then given parathormone for 2 days 
and then left until tetany was again developed on the twelfth day. 

Cat No. 25 developed tetany on the second day, was then given parathormone for 
2 days and then left until tetany was again developed on the sixth day. 

Zero, immediately after stimulation. 


Table IV. Orthophosphates in the muscles of thyroparathyroidectomized cats before and 
after stimulation. Figures express orthophosphates as mg. phosphorus per 100 g- 
muscle. 

Wt. D Before 


in or stimu- 


No. 

kg. 

C 

lation 

Zero 

15 min. 

30 min. 

45 min. 

60 min. 

2 hr. 

3 hr. 

1 

2 

D 

74*2 

89*9 

81*5 

65*3 

64*9 

63*2 

54 

84*6 

14 

1*6 

C 

46*2 

65*8 

64*4 

58 

66*2 

57*6 

64*4 

58*6 

13 

0*9 

C 

53 

62*4 

66*2 

55 

47*4 

49*5 

46*7 

50*1 

4 

2*4 

D 

54*3 

76*4 

63*3 

58*8 

67*4 

51*7 

51*9 

56*4 

9 

1*6 

C 

64-2 

54*8 

48 

61*2 

63-6 

60*8 

47 

40 

2 

2*2 

D 

35*7 

61*2 

53*7 

63 

52*4 

49*2 

60*5 

— 

11 

1*5 

C 

44*8 

62*4 

63 

46 

56 

62*7 

62*5 

66*6 

8 

2 

C 

49*5 

55*8 

58*8 

68*4 

63*8 

50*2 

66*7 

48*2 

26 

1*2 

C 

33*7 

65*6 

60 

54 

61*2 

49*5 

49*9 

59*4 

25 

1 

C 

53*2 

60 

69*4 

68*8 

63*6 

54*6 

61*3 

65*8 

6 

2*4 

D 

48*8 

74*3 

82*9 

74*8 

66*7 

76*2 

87*6 

87*6 

6 

1*5 

D 

89*2 

127 

114*5 

112*6 

109*8 

110*9 

— 

— 


Averages 

63 

69*6 

65*5“ 

63 

601 

69*6 

66‘7~ 

59*6 


D, decerebrate; C, chloralose. 


Cats Nos. 4 and 25, see footnote Table III. 
Zero, immediately after stimulation. 
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are plotted in Chart 2. The average initial value of the creatine phos¬ 
phate tends to be lower, that of the orthophosphates higher than in 
normal animals. The concentration of the creatine phosphate is reduced 
to a slightly lower level by stimulation, and its resynthesis takes place 
at a very much slower rate than in the normal cats. The changes in the 
orthophosphates are reciprocal in nature and correspond in degree to 
those observed in the creatine phosphate. 

In a third group of five cats thyroparathyroidectomy was performed 
and after tetany had developed parathormone was given and the animals 
allowed to recover. Similar observations were then carried out. Figures 
for this group are shown in Tables V and VI and the graph in Chart 3. 


Table V. Creatine phosphate in the muscles of thyroparathyroidectomized cats treated 
with parathormone. Figures express creatine phosphate as mg. phosphorus per 
100 g. muscle. 

Days 

after 


Wt. opera- Before 


No. 

in 

kg. 

tion 

* t 

stimu¬ 

lation 

Zero 

15 min. 

30 min. 

45 min. 

60 min. 

2 hr. 

3 hr. 

20 

2 

2 

3 

60-8 

337 

44*4 

46*9 

56*6 

66-6 

57*6 

60*7 

17 

M 

5 

2 

60-3 

27-2 

43-9 

52*8 

60*0 

58*7 

59*0 

58*1 

19 

M 

1 

2 

59-5 

34-4 

47*6 

52*7 

49*0 

55*5 

60*5 

60*3 

23 

1 

4 

4 

57-9 

36-6 

48*6 

51*1 

49*6 

63*7 

58*5 

58*6 

21 

1-2 

1 

2 

56-8 

37-1 

47*2 

49*1 

49*4 

56*7 

54*5 

54*4 


Averages 


691 

33-8 

"46*3 

50*5 

62*9 

56*0 ~ 

68*0 

68*4 


* Days after operation before tetany appeared, 
t Number of days of treatment, parathormone 10 units twice daily. 
Zero, immediately after stimulation. 

Chloralose anaesthesia. 


Table VL Orthophosphates in the muscles of thyroparathyroidectomized cats treated 
with parathormone. Figures express orthophosphates as mg. phosphorus per 100 g. 
muscle. 

Days 

after 

Wt. opera- Before 
in tion stimu- 


No. 

kg- 

« 

t 

lation 

Zero 

15 min. 

30 min. 

45 min. 

60 min. 

2 hr. 

3 hr. 

20 

2 

2 

3 

38*4 

57 

60*7 

39*8 

38*4 

40-8 

39*9 

36*1 

17 

1*1 

5 

2 

42*4 

93 

62*6 

45*6 

33*4 

37*1 

40*7 

40*2 

19 

M 

1 

2 

42*3 

61*9 

49*5 

46*7 

41*6 

38*9 

39*8 

42*6 

23 

1 

4 

4 

34 

47*7 

40*8 

40*6 

34*8 

31*5 

35*2 

36*1 

21 

1*2 

1 

2 

34*3 

58*4 

46*4 

39*7 

37*7 

37*8 

39*0 

39*6 


Averages 


38-3 

63*6 

60-0 

42*4 

371 

36*2 

38*9 

38*5 


♦ Days after operation before tetany appeared, 
t Number of days of treatment, parathormone 10 units twice daily. 
Zero, immediately after stimulation. 

Chloralose ansestnesia. 
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It is apparent that the initial values for the creatine phosphate and the 
orthophosphates agree with the average figures for normal cats and that 
the rate of resynthesis of the creatine phosphate and the decrease of 
the orthophosphates after stimulation is more rapid in the early stages 
than in normal cats. 

Discussion. 

The average results of groups, rather than of individual members 
of a group, have been considered in this paper. In a work of this nature, 
where so many unknown factors exist, the results of groups are less 
likely to mislead. All the cats which have been examined in each group 
are included in the tables; there has been no selection of results. 

In the group of normal cats, the initial values for the creatine phos¬ 
phate show a certain range of variation, 75*3-44*2 mg. The latter figure 
is unusually low. In a series of more than 40 cats, in which the nerves 
to the limbs were not cut and where determinations of the creatine 
phosphate were made under somewhat different conditions but of such 
a nature as would tend to decrease the creatine phosphate, on one 
occasion only was a value below 50 mg. observed. More uniformity 
appears in the figures immediately after stimulation, and according to 
the average values the concentration of the creatine phosphate has been 
reduced approximately 50 p.c. by this procedure. The muscles were re¬ 
moved as rapidly as possible after the stimulation, but one or two 
minutes were required to do this, and as resynthesis of the creatine 
phosphate was no doubt taking place during this time, the actual con¬ 
centration of this form of phosphorus at the end of the stimulation was 
somewhat lower than our figures indicate. On the other hand mechanical 
stimulation of the muscle during its removal would diminish the creatine 
phosphate. 

In the twelve thyroparathyroidectomized cats the initial values for 
the creatine phosphate show a wider range of variation and the average 
value is lower than in the normal. In two instances, Exps. 2 and 8, 
resynthesis of the creatine phosphate to the original level has taken 
place. It is not surprising that this should happen in a series of twelve 
cats, as cats frequently possess accessory parathyroid glands which are 
not removed when the thyroid and parathyroids in the neck are taken 
out. In the later stages of this work cats were rejected which did not 
show more definite signs of tetany than were observed in these two 
animals. 



CREATINE PHOSPHATE AND PARATHYROID. 379 


Conclusions. 

1. The creatine phosphate in the muscles of normal cats is reduced 
by stimulation to approximately 50 p.c. of the original concentration. 
Resynthesis appears to be gradual and requires from 45 to 60 min. for 
its completion. The orthophosphates show changes of a reciprocal nature. 

2. The creatine phosphate in the muscles of thyroparathyroidecto- 
mized cats tends to be lower than in normal ones. It is reduced by 
stimulation to a slightly lower level and the rate of resynthesis is very 
much slower than that observed in the normal cats, in some instances 
no resynthesis has taken place in 2-3 hours. The orthophosphates show 
reciprocal changes. 

3. The creatine phosphate and the orthophosphates in the muscles 
of thyroparathyroidectomized cats treated with parathormone resemble 
the normal. After stimulation, however, the re8)rnthesi8 of the creatine 
phosphate and the decrease of the orthophosphates are more rapid in 
the early stages than in the normal cats. 

4. These results support the original hj’pothesis that the parathyroid 
glands are concerned with the metabolism of creatine phosphate in the 
muscles and that the active principle is contained in parathormone. 

It is a pleasure to acknowledge our thanks to Prof. Leathes for his 
interest and advice. 

The expenses of this research were defrayed by the Medical Research Council. 
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THE INFLUENCE OF TOXiEMIA ON 
CARBOHYDRATE METABOLISM. 

By B. CORKILL. 

(From the Baker Medical Research Institute^ Melbourne, Australia.) 

Claude Bernard was probably the first to realize the harmful effect 
of infection on a diabetic patient’s carbohydrate metabolism, and of 
recent years this phenomenon has become widely recognized by the 
clinician. The tendency of sepsis or febrile infections to cause further 
impairment of glucose tolerance usually necessitates an increment in the 
insulin dosage, and occasionally results in the production of a so-called 
‘‘insulin resistant” state, in which relatively large doses of insulin fail to 
control the hyperglycsemia. The seriousness of such disturbances in dia¬ 
betic individuals can be appreciated when it is realized that infection, 
even in non-diabetic individuals, may provoke a state of diminished 
glucose tolerance. 

Experimentally, it is possible to produce a somewhat analogous con¬ 
dition in laboratory animals, and vkrious explanations have been based 
on such experiments to explain the condition found in man. 

Sweeney [1928] assumed that infection caused a diminished output 
of endogenous insulin, but most observers do not accept the view that 
infection so seriously damages the pancreas as to impair its output of 
insulin. 

It has been suggested that infection causes a stimulation of the 
thyroid and adrenal glands [cf. Lawrence and Buckley, 1927; 
Lawrence, 1927; Cramer, 1928; Evans and Zeckwer, 1927]. 

These last-mentioned authors investigated the hyperglycaemia pro¬ 
duced in rabbits by the injection of killed B. coli and B. proteus cultures. 
Removal of one suprarenal gland, together with denervation of the 
other, completely prevented this type of hyperglycaemia, whilst ergo- 
tamine, administered simultaneously with the bacterial material, also 
abolished the usual hj^erglycaemic response. Evans and Zeckwer,. 
therefore, consider that bacterial hyperglycaemia is caused by central 
splanchnic stimulation, with resultant suprarenal overactivity, and 
increased glycogenolysis. 

PH. LXXV, 
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Still another suggestion advanced is that the products of the infection, 
such as toxins or trypsin (produced from pus or leucocytes), actually 
destroy or inactivate insulin [cf. Minkowski, 1926; Rosenthal and 
Behrendt, 1926; Karelitz, Cohen and Leader, 1930]. Although it is 
possible to demonstrate this inactivation in vitro^ it is by no means certain 
that the same occurs in the body. In fact, there is definite evidence 
opposed to its occurrence J]Lawrence, 1931]. 

Despite the number of investigations dealing with the nature of the 
diminished glucose tolerance occurring in infective states, the only 
chemical constituent of the blood that has been considered in detail is the 
glucose. The carbohydrate disturbance is probably more deeply seated, 
and in order to test this, it was decided to investigate the action of 
insulin on the liver glycogen of toxsemic young rabbits. 

Goldblatt [1929] was the first to indicate the suitability of normal 
young rabbits for demonstrating the effect of small doses of insulin on 
liver glycogen. His observation that insulin caused a marked deposition 
of liver glycogen was confirmed under the same experimental conditions 
[Corkill, 1930]. Such a clearly defined action of insulin should be 
suitable for ar study of the changes in carbohydrate metabolism produced 
by toxsemic states. Incidentally, such experiments might throw light on 
the mechanism by which insulin causes a deposition of liver glycogen in 
these young rabbits. 

Goldblatt suggested that insulin actea merely by retarding the 
conversion of liver glycogen to glucose, with resultant hypoglycssmia 
and accumulation of glycogen. However, the fact that small doses of 
adrenaline were found to produce a similar deposition of liver glycogen, 
together with the evidence of Cannon, Mclver and Bliss that insulin 
h 3 T)Oglyc 8 emia leads to a secretion of adrenaline, led me to suggest that 
the deposition of liver glycogen observed by Goldblatt probably in¬ 
volved the action of adrenaline, secreted in response to the insulin hypo- 
glycfiemia. 

It is well known that a diphtheritic toxsemia produces marked de¬ 
generative changes in the suprarenal glands of laboratory animals. This 
fact suggested the need for investigating the effects of insulin and 
adrenaline in this toxaemia. Thus, if, in rabbits with definite suprarenal 
involvement, insulin failed to cause a deposition of liver glycogen, whereas 
insulin plus small doses of adrenaline did so, the role played by adrenaline 
would be clearly defined. 

In addition to investigations dealing with this aspect of carbohydrate 
metabolism, comparisons have been made between the blood sugar 
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lowering effect of small doses of insulin, in normal and toxasmic young 
rabbits. The changes to be described present a clearly defined set of 
facts, which will be shown to support the conclusions of Evans and 
Zeckwer. 

Experimental methods. 

Young English hutch rabbits, bred at the Baker Institute, and from 
6 to 8 weeks old, were used. Twenty-four hours before each experiment 
the young rabbits were placed in a cage without food. The determination 
of liver glycogen followed the procedure described in an earlier paper 
[Corkill, 1930] and, as in the previous experiments with insulin, the 
animals used were killed in a pre-convulsive stage of flaccidity and inco¬ 
ordination* When a number of blood-sugar determinations were carried 
out, blood was taken from the marginal ear vein, and glucose estimated 
according to the method of Hagedorn and J ensen. When only a single 
estimation was desired, blood was taken from the heart after the animal 
had been killed by a blow on the head. The diphtheria toxin was supplied 
by Mr Sutherland, of the Baker Institute, and the guinea-pig minimum 
lethal dose (m.l.d.) was l/160th of a c.c. In the case of young rabbits 
6 to 8 wfeks old, 3*5-4 m.l.d. would usually cause death in 4-5 days. The 
stated quantity of toxin in each experiment was diluted to a volume of 
4 c.c. with sterile normal saline and iniected subcutaneously over the 
abdominal wall. 

In previous experiments with normal young rabbits the quantity of 
insulin injected was 0*5 unit. In the present series of experiments it was 
found more suitable to use 1 unit as the initial dose, for both normal and 
toxsBmic animals. 

Results. 

I. The influence of insulin on the liver glycogen of young 
toxcemic rabbits. 

Experiment. In this first experiment an attempt was made to produce 
definite suprarenal damage and then to observe the effect of insulin on 
liver glycogen. Four young rabbits from the same litter were taken, and 
at the beginning of the experiment three of the animals had been without 
food for 24 hours. In addition, one of these latter animals was suffering 
from a toxflemia of 72 hours’ duration induced by 4 m.l.d. of diphtheria 
toxin. One animal (No. 4), not at any stage deprived of food, was injected 
with 4 M.L.D. of diphtheria toxin and died 4 days after the injection. 
The remaining three animals were treated as is shown in Table I. 

26—2 
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Table 1. 


No. 

Rabbit 
wt. g. 

Liver 

glycogen 

p.c. 

Blood 

sugar 

p.c. 

Remarks 

1 

820 

1*60 

0*034 

Normal rabbit fasting 24 hours 

2 

836 

0*10 

0*041 

9.20 a.m. 1 unit of insulin 
11.25 „ Hj|)<^lyc80mio 

Toxaemia of 72 hours’ duration 


Fasting 24 hours 

10.30 a.m. 1 unit of insulin 

2.15 p.m. 2 units of insulin 

3.60 „ 2 

4.60 „ 2 

6.20 „ Inco-ordination 

Killed 

3 824 0*30 0*093 Normal rabbit fasting 24 hours 

4 — — — Received 4 m.l.d. of diphtheria toxin 

Died 4 days later 

The behaviour of the toxaemic rabbit No. 2 affords a clear contrast to 
that of the normal animal No. 1. Firstly, insulin appears less effective 
in producing a definitely hypoglycaemic state, and, secondly, there is a 
singular absence of the usual deposition of liver glycogen. Histological 
examination of the suprarenal glands of rabbit No. 2 revealed cloudy 
swelling of the cortical zones, together with slight medullary congestion. 
Sections stained by Kohn’s formalin bichromate solution showed a 
marked diminution of adrenaline content, in comparison with similarly 
stained sections from the normal rabbits Nos. 1 and 3. 

At this stage it was thought that these lesions would possibly provide 
a basis for further experiments with insulin and adrenaline. The fact that 
in the toxaemic animal No. 2 insulin appeared incapable of producing the 
usual deposition of liver glycogen, whilst, in addition, Kohn’s staining 
revealed a marked diminution of adrenaline content, immediately sug¬ 
gested the necessity for investigating the action of insulin and adrenaline 
in such an animal. 

Unfortunately the presence of another factor invalidated this appar¬ 
ently simple method of approaching the problem. Histological examina¬ 
tion of the liver of rabbit No. 2 revealed the following changes: advanced 
degeneration of the central zones of the hepatic lobules with fragmentation, 
vacuolation and poor staining of liver cells, focal collections of lympho- 
cji:es and areas of actual necrosis. 

Clearly, then, in view of this severe degree of hepatic damage, which 
would probably interfere with the storage capacity of the liver, one 
would not be justified in placing any direct significance on figures relating 
to glycogen storage. 
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This factor has not been fully realized in experiments similar to those 
carried out by Sweeney and Lackey [1928], where the glucose tolerance 
was studied, on successive days, in rabbits poisoned with diphtheria toxin. 
In experiments shortly to be described, it was found that the liver 
suffered from definite degenerative changes which progressed pan passu 
with the duration of the toxaemia. 

Having due regard to the significance of hepatic damage in experi¬ 
ments of the nature just described, it was decided to select conditions 
where this was not a complicating factor. There still remained the 
possibility that, even in mild cases of toxaemia, some disturbance of 
carbohydrate metabolism might be present, and, accordingly, it was 
decided to investigate the action of insulin on liver glycogen in such 
states. In order to determine the most suitable conditions for experiments 
of this nature the following investigation was carried out. 

Experiment. Five young rabbits from the same litter were taken and 
four were injected with 3-5 m.l.d. of diphtheria toxin. With the object 
of observing the development of toxic changes in the liver and suprarenal 
glands, the injected animals were killed at 24-hour intervals. Thus, the 
final rabbit presented the histological changes associated with a toxaemia 
of 96 hours’ duration. In addition to the ordinary methods of histological 
examination, which were used for the liver and suprarenal glands, a small 
portion of each suprarenal was placed in Kohn’s solution and examined 
for adrenaline content. Within 24 hours the liver may appear perfectly 
normal or show very slight toxic changes, chiefly about the central zones 
of the hepatic lobules. After 48 hours very definite degenerative changes 
are present, but they are not associated with any actual necrosis. From 
this stage onwards the degeneration becomes more marked, and definitely 
necrotic lesions may appear. The suprarenal glands afford, in one respect, 
a most interesting contrast to the lesions just described. Apart from some 
slight cloudy swelling of the cortical zones, no gross histological changes 
were observed at any stage by the ordinary methods of staining. When, 
however, the sections stained in Kohn’s solution were examined, a 
pronounced contrast to the normal was found. Though not always marked 
at the 24-hour stage, there was from then onwards a definite diminution 
in the bichromate staining of the medullary cells. 

In another series of experiments rabbits were again killed at 24-hour 
intervals after the injection of diphtheria toxin (3-5 m.l.d.), and extracts 
prepared from the suprarenal glands. These extracts were then tested by 
the spinal-cat blood-pressure method, and in this way the progressive 
effect of the toxaemia on the adrenaline content of the suprarenal glands 
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was studied* For the preparation of the suprarenal extract the glands 
were quickly removed and stripped clean of extraneous tissue. They were 
then ground up in a mortar containing sand and 3 c.c. of normal saline 
containing 2 p.c. acetic acid. Two further quantities of saline, each 2 c.c., 
were used to wash the extract into a test-tube, which was then placed in 
the boiling water bath for 5 min., the contents being then filtered. The 
quantities injected into the cat's femoral vein varied from 0*3-0-6 c.c. 
It was found that extracts prepared under identical conditions from 
normal rabbits of the same weight gave practically identical rises in 
blood-pressure. Hence, the tracings from these normal young rabbits 
could be used as a standard of comparison with toxsemic rabbits of the 
same age and weight. 

Such experiments indicated that there was usually a slight but definite 
diminution of adrenaline content with a toxaemia of 24 hours’ duration, 
and from this stage onwards the diminution became well marked and was 
reflected by the bichromate staining. Although in some cases there was 
no significant difference in the adrenaline content of extracts from normal 
rabbits and from animals suffering from a 24-hour toxaemia, in no instance 
did the suprarenal extract from a 24-hour toxaemia give a greater rise in 
blood-pressure than a similar extract prepared from a normal rabbit. 

A study of the toxic changes occurring in the livers of these young 
rabbits would suggest that, using the above specified dose of toxin, one 
would be justified in studying glycogen storage in the liver when the 
toxaemia was of 24 hours’ duration. At this stage slight or no histological 
changes are present, and it is not likely that the storage capacity for 
glycogen is interfered with. However, to make quite certain of this 
factor, it seemed necessary to estimate the liver glycogen of normal and 
toxaemic rabbits fed with the same amount of glucose. 

Ex'perimenU Four young rabbits from the same litter were taken and 
all food removed. In addition two animals were injected with 3 m.l.d. 

Table II. 



Rabbit 

Liver 

glycogen 


No. 

wt. g. 

p.c. 

Remarks 

1 

610 

0-20 

Normal rabbit 

2 

620 

1*50 

Normal rabbit. Fed with 20 c.c. of 25 p.c. 
glucose. KiUed 2 hours later 

3 

625 

1-75 

Toxmmio rabbit. Fed with 20 o.o. of 25 p.c. 
glucose. Killed 2 hours later. Liver showed 
slight cloudy swelling of central Eones 

4 

615 

1*60 

Toxaemic rabbit. Fed with 20 o.o. of 25 p.c. 
glucose. Killed 2 hours later. Histologically 
the liver appeared normal 
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of diphtheria toxin. When the toxaemia was of 24 hours’ duration the 
rabbits were treated as shown in Table II, 

It cannot be suggested from the above figures that the toxaemia has 
in any way impaired the glycogen storage capacity of the liver. In 
addition half-hourly blood-sugar estimations were carried out on the 
rabbits Nos. 2 and ^3, the results of which are shown below. 

No. 2, normal rabbit No. 3, toxsemic rabbit 



Blood 


Blood 


sugar 


sugar 


p.c. 


p.c. 

Fasting 

0-081 

Fasting 

0-079 

} hour after glucose 

0-090 

i hour after glucose 

0-113 

1 hour „ 

0-126 

1 hour „ 

0-146 

hours „ 

0-117 

1} hours „ 

0-150 

2 hours „ 

0-108 

2 hours „ 

0-143 


Compared with the normal rabbit, No. 3 shows some degree of 
diminished glucose tolerance. 

The experiments which are now to be described deal with the action 
of insulin in mildly toxaemic rabbits, that is to say, in young rabbits 
suffering from a toxaemia of 24 hours’ duration induced by 3 m.l.b. of 
diphtheria toxin. Although several such experiments have been carried 
out, only a few results are included. The findings were always in the same 
direction, and afford a clearly cut conception of the changes induced by 
the toxaemia. 

Experifnent. Four young rabbits from the same litter were taken and 
kept without food for 24 hours. Two were injected with 3 m.l.b. of 
diphtheria toxin at the commencement of the fasting period. 

The normal rabbit No. 3 shows the usual response to insulin, namely, 
a marked increase in liver glycogen as compared with the normal fasting 
control rabbit No. 2. Rabbit No. 4, which represents the effect of insulin 
in the presence of a toxaemic state, shows a marked contrast to the normal 
rabbit No. 3. Firstly, there is a singular absence of the usual deposition 
of liver glycogen, which, in view of what has already been discussed, 
cannot be attributed to defective storage power as a result of the 
toxaemia. Secondly, it would appear that much larger doses of insulin are 
required to provoke a definitely hypoglycaemic state, so that in this sense 
this animal shows an ‘‘insulin resistance.” These two departures from 
the normal action of insulin in yoimg rabbits have been confirmed in six 
experiments similar to that shown in Table III, and, although the 
resistance to the effect of insulin on the blood sugar was in some cases 
more pronounced than in others, in all such experiments I consistently 
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Table III. 

Liver Blood 
Rabbit Liver glycogen sugar 

No. wt. g. wt. g. p.c. p.c. Remarks 

1 575 20-65 0-45 0*097 Toxasmic control 

Received 3 m.l.d. of diphtheria toxin 

2 600 25-60 0*30 0*084 Normal control 

3 620 30*00 2*6 0*034 Normal rabbit 

Received 1 unit of insulin 

Killed 2 hr. 20 min. later 

4 595 25*15 0*15 0*045 Toxffimic rabbit 

10 a.m. 1 unit of insulin 

12.30 p.m. 1 „ 

2.30 2 units of insulin 

4.0 „ 2 

5.30 „ Hypoglycaemic 

Killed 

failed to observe a deposition of liver glycogen. These observations gain 
an added interest in view of certain experiments which were published 
by Goldblatt [1930] while the present investigation was in progress. 
In this paper the author demonstrated that insulin could produce a 
marked deposition of liver glycogen in young kittens which were starved 
for 48 hours. In one experiment, instead of the usual deposition of liver 
glycogen, Goldblatt noted a considerable fall in the liver glycogen of the 
two kittens which received insulin. This apparently anomalous effect of 
insulin was attributed to the fact that these animals were suffering from 
a purulent infection of the eyes and ‘‘very probably had a high tem¬ 
perature.” Beyond remarking that the severe infection had produced a 
response analogous to that found in rats, Goldblatt did not proceed 
further with this aspect of the problem. His observations would suggest 
that, as I have found insulin incapable of causing a deposition of liver 
glycogen in young rabbits suffering from a diphtheritic toxaemia, the 
same phenomenon may probably occur with other forms of bacterial 
toxaemia. The interesting fact that emerges from the experiments herein 
recorded is that the diphtheritic toxaemia has, indeed, converted the 
normal rabbit response to that of the normal mouse or rat. 

In the following experiment the resistance to insulin was not so 
marked as that shown in Table III; nevertheless, insulin failed to cause 
a deposition of liver glycogen. 

Ex'periwsyit. Four young rabbits from the same litter were taken and 
three of them kept without food for 24 hours. In addition, two of these 
three were injected with 3 m.l.d. of diphtheria toxin at the time when the 
food was withdrawn. One animal (No. 4), not at any stage deprived of 
food, died 5 days after the injection of 3 m.l.d. of diphtheria toxin. 
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Table IV. 


No. 

Rabbit 
wt. g. 

Liver 
wt. g. 

Liver 

glycogen 

p.c. 

Blood 

sugar 

p.c. 

Remarks 

1 

800 

23 

0*30 

0*107 

Normal rabbit 

2 

820 

25 

21 

0*040 

Normal rabbit 

1 unit of insulin 

Killed 3 hours later 

3 

745 

22 

0-21 

0*038 

Toxaemic rabbit 

9 a.m. 1 unit of insulin 

12 noon. 1 unit of insulin 

1.30 p.m. Hypoglycsemic 

Killed 

4 

760 



■ 

Received 3 m.l.d. of diphtheria toxin 
Food not withdrawn 

Died 5th day of toxa‘mia 


In experiments similar to those just shown in Tables III and IV the 
toxa^mic animals showed some degree of insulin resistance, and it might 
be thought that this phenomenon was in some way associated with the 
failure of these animals to show a deposition of liver glycogen. Further 
experiments, however, gave evidence directly opposed to such a theory. 
In one experiment, the results of which are shown in Table V, both the 
normal and toxsemic rabbits developed hypoglyca3mic symptoms wnthin 
approximately 2 hours after the injection of 1 unit of insulin. Neverthe¬ 
less, a deposition of liver glycogen was not observed in the toxsemic 
rabbit. 

Experiment. Four young rabbits from the same litter were taken and 
all food removed. In addition, two animals were injected with. 3 m.l.d. of 
toxin. After 24 hours had elapsed the animals were treated as in Table V. 


Table V. 



Rabbit 

Liver 

Liver 

glycogen 

Blood 

sugar 

Remarks 

No. 

wt. g. 

wt. g. 

p.c. 

p.c. 

1 

600 

22*00 

0*45 

0*109 

Normal control 

2 

580 

20*15 

0*37 

0*098 

Toxsemic rabbit 

3 

700 

21*63 

1*95 

0*035 

Normal rabbit 

9.30 a.m. 1 unit of insulin 
11.45 a.m. Hypoglycsemic 
Killed 

4 

640 

20*34 

0*32 

0*042 

Toxaemic rabbit 

9.20 a.m. 1 unit of insulin 


11.30 a.m. Hy|K^lyo®mic 


The toxromic rabbit No. 4, although otherwise comparable in its 
response to insulin with the normal animal No. 3, shows a marked dis- 
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crepancy in respect of liver glycogen. Although variations in the degree 
of insulin resistance were encountered, it could generally be predicted 
that toxaemic members of the same litter would show the same type of 
response. 

Lawrence and Buckley, in their experiments with diphtheria- 
intoxicated adult rabbits, observed that the prelethal rise of the blood 
sugar could be abolished by ergotoxine and assessed this fact as further 
evidence in favour of their theory of thyreo-adrenal overactivity. Such 
evidence is in a sense related to the observations of Burn [1923], who 
showed that a small dose of insulin, administered to a well-fed rabbit, 
was much more effective in producing a hypoglycsemic state if the animal 
had previously received an intravenous injection of ergotoxine (5 mg.). 
Accordingly, it seemed worth while to see whether ergotoxine had any 
influence on the insulin resistance observed in these young toxeemic 
rabbits. 

Experiment. Two groups of four rabbits were selected from two separate 
litters. The procedure adopted with each group was identical and as 
follows: 

Two animals of each litter were injected with 3 m.l.d. of diphtheria 
toxin and all were kept fasting for 24 hours. One normal rabbit of each 
litter then received 1 unit of insulin hypodermically, whilst the two 
toxsemic ones were used to demonstrate the effect of insulin with and 
without a previous intravenous injection of 2-5 mg. of ergotoxine 
(Burroughs-Wellcome). 

The combined results from the two litters are shown in Table VI. 

Here, again, the toxsemic animals Nos. 6 and 6 show, in comparison 
with the normal ones Nos. 3 and 4, a definite resistance to insulin and 
no obvious glycogen storage. The rabbits which received ergotoxine 
before the insulin injection do not show any insulin resistance, but in 
spite of this, glycogen storage has not occurred. The above observations 
have been confirmed in two experiments similar to that shown in 
Table VI, and although in all instances ergotoxine appeared to annul the 
resistance to insulin, the values for liver glycogen were similar to those 
just described. 

After the injection of the above specified dose of insulin normal young 
rabbits usually develop hypoglycsemic symptoms within 2-3 hours. On 
two occasions a delayed response was encountered in normal rabbits, so 
that these animals were comparable to some of the toxsemic ones, which 
sh owed only a mild degree of insulin resistance. However, the similarity 
ended here, since these normal rabbits, even though showing some degree of 
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Table VI. (The figures in braokets refer to the litter from which the animal was taken.) 

Liver Blood 


No. 

Rabbit 
wt. g. 

liver 
wt. g. 

glycogen 

p.c. 

sugar 

p.c. 

Remarks 

1{L.1) 

720 

23-45 

0-28 

0-110 

Normal fasting control 

2(L.2) 

580 

18-56 

0-30 

0*093 

Normal fasting control 

3(L.l) 

750 

24-20 

2-3 

0-028 

Normal rabbit 

9.30 a.m. 1 unit of insulin 
11.45 ,, Inco-ordination 
Killed 

4(L.2) 

600 

19-65 

2-5 

0-025 

Normal rabbit 

10.40 a.m. 1 unit of insulin 
1.10 p.m. H^^p^lycflemio 

fi(L.l) 

649 

20-10 

0-35 

0*041 

Toxsemic rabbit 

10 a.m. 1 unit of insulin 
12.30 p.m. 1 ,, 

2.0 1 

4.0 „ 1 

5.30 „ Hypoglycsemic 

KUfed 

6 (L. 2) 

715 

20-00 

0-41 

0-035 

Toxsemic rabbit 

9.20 a.m. 1 unit of insulin 
11.50 „ 1 

1.30 p.m. 1 ,, 

3.0 ff 1 ff 

4.30 „ Hypoglycsemic 

KUfed 

7 (L. 1) 

660 

18-95 

0-22 

0*020 

Toxsemic rabbit 

10.5 a.m. 0-25 mg. ergotoxine 

intravenously 

11.5 ty 1 unit of insulin 

1.20 p.m. Hypoglycsemic 

8 (L. 2) 

610 

20*10 

Oil 

0-032 

Toxsemic rabbit 


10.15 a.m. 0*25 mg. ergotoxine 

intravenously 

11.15 yy 1 unit of insulin 
12.20 p.m. Hypoglycaemic 

resistance in comparison with the behaviour of most normal rabbits, had 
a definite deposition of liver glycogen, whereas the toxsemic animals 
always failed to show this response to insulin. The following experiment 
will illustrate this point, since it so happened that the normal and toxsemic 
animals corresponded very closely in their hypoglycsemic reaction to 
insulin. 

Experiment. Pour young rabbits were taken from the same litter and 
kept without food for 24 hours. Two received 3 m.l.d. of diphtheria toxin 
when the food was withdrawn. 

The facts brought out in the preceding experiments would tend to 
invalidate any suggestion that the insulin resistance observed in the 
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toxeemic rabbits is in itself directly concerned with the failure of these 
animals to show glycogen storage. Thus, in Table V, the toxasmic animal 
showed no resistance to insulin, whilst in Table VII the normal animal 


Table VII. 


No. 

Rabbit 
wt. g. 

Liver 
wt. g. 

Liver 

glycogen 

p.c. 

Blood 

sugar 

p.c. 

Remarks 

1 

800 

20 

0-3 

0*098 

Normal young rabbit 

2 

720 

201 

0-25 

0*084 

Toxaemic young rabbit 

3 

760 

20 

2-3 

0*035 

Normal young rabbit 

9.30 a.m. 1 unit of insulin 
11.30 „ 1 

1..30p.m. 1 „ 

3.0 „ Hyjjoglycflemic 

4 

740 

20 

0-40 

0*025 

Toxaemic young rabbit 

9.15 a.m. 1 unit of insulin 


11.15 1 

1.15 p.m. 1 „ 

3.30 „ Hypoglyca‘mic 

Killed 


had a delayed hypoglycsemic response comparable at least to some of the 
toxaemic ones. Nevertheless, in both cases the toxamic animals failed to 
show a deposition of liver glycogen. Finally, as shown in Table VI, ergo- 
toxine, although capable of abolishing the insulin resistance, did not 
facilitate the laying down of liver glycogen. 

II. The effect of insulin on the blood sugar of norfnal and 
toxeemic young rabbits. 

The experiments described in the preceding section demonstrate that, 
in the presence of a toxaemic state, insulin not only appears incapable of 
producing the usual deposition of liver glycogen, but, in addition, seems 
less effective in provoking a definitely hypoglycaemic state. In the present 
section an attempt is made to elucidate the nature of the resistance 
caused by the toxaemia to the effect of insulin on the blood sugar. 

The results obtained differ in a marked fashion from those described 
by Lawrence and Buckley, who worked with adult toxaemic rabbits. 
I have found no evidence to suggest that, in the early stage of toxaemia, 
which is here under discussion, the fasting blood-sugar level is raised above 
the normal range. The fasting values found in both normal and toxaemic 
animals have shown low and remarkably constant figures. In addition, 
the fall in the fasting blood-sugar level produced by 1 unit of insulin, 
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witldn approximately 60 min. from injection, was practically the same 
in normal and toxaemic animals, although the subsequent behaviour of 
the blood sugar differed in the two groups. In all such experiments the 
animals fasted for 24 hours; it is not clear that this preliminary fast was 
adopted in all cases by Lawrence and Buckley. In their experiments 
on the effect of insulin given without diphtheria toxin, food had been 
withheld for from 17 to 20 hours, but in subsequent experiments, when 
diphtheria toxin had been injected, the only dietary control observed 
was based on the fact that these animals showed a disinclination for 
food, and ate very little as the toxeemia progressed. It is quite probable 
that this procedure may to some extent account for the differences in 
our results. 

After the injection of 1 unit of insulin into normal or toxsemic yoimg 
rabbits, the blood sugar fell usually within 60 min. to approximately 
0*06 p.c., and then, in normal animals, more slowly to a h 3 q)oglyc 8 Bmic 
level, at which definite symptoms occurred. In the case of toxsemic 
animals, instead of continuing to fall to this level, the blood sugar usually 
tended to rise again to its original fasting value, or even slightly higher. 
At this stage, in those animals where the insulin resistance was not 
marked, the injection of another unit of insulin would cause the blood 
sugar to fall to a hypoglyceemic level in a perfectly normal manner. In 
instances where the more marked degree of resistance was present, the 
blood sugar, in response to repeated injections of insulin, showed several 
cycles, in each of which the blood sugar first fell to about 0*06 p.c. and 
then returned to its original fasting level. Finally, after several injections, 
1 unit of insulin produced a steady lowering of the blood sugar to a 
definitely hypoglycaemic level. In experiments similar to those shown in 
Table VI, where ergotoxine was injected prior to the administration of 
1 unit of insulin, the blood sugar did not show the type of response that 
has been described above, but steadily progressed to a hypoglycaemic 
level; so that these toxeemic animals, in respect of the blood-sugar 
response, differed in no way from the normal rabbits which were injected 
with the same amount of insulin. 

The following experiment, together with a graphical representation 
of the results (see Pig. 1), will illustrate the foregoing remarks. Although, 
in this experiment, the insulin resistance was not great (curve A), the 
essential nature of the blood-sugar changes is clearly indicated. 

Experiment. Four yoimg rabbits from the same litter were taken and 
all food removed from the cages. Two were injected with 3 m.l.d. of 
diphtheria toxin at the commencement of the fasting period, and 
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after 24 hours had elapsed the animals were dealt with as is shown in 
Table VIII. 

Table VIII. 


No. 

Rabbit 
wt. g. 

Liver 
wt. g. 

liver 

glycogen 

p.c. 

Blood 

sugar 

p.c. 

Remarks 

1 

670 

21*0 

1*80 

See 

Curve 

Fig. 1 

Normal rabbit 

9.20 a.m. Fasting blood sugar 
=0*101 

9.25 „ 1 unit of insulin 

10.25 „ Blood sugar=0*064 

11.25 „ „ =0*057 

12.10 p.m. „ =0*035 

Hyjwglycsemic 

2 

640 

20*43 

0*51 

0*110 

Normal rabbit 

3 

680 

22*35 

0*34 

0*084 

Toxssmic rabbit 

4 

660 

21*24 

0*28 

See 

Curve 

A, 

Fig. 1 

Toxsemio rabbit 

10.45 a.m. Blood sugar=0*102 
10.50 1 unit of insulin 

11.20 „ Blood sugar=0*074 


11.50 
12.20 p.m. 

12.50 „ 
1.20 „ 
1.23 „ 
2.20 
3.20 
3.50 


=0057 
„ =0061 

=0 068 
„ =0093 

1 unit of insulin 
Blood sugar=0*060 
„ =0*052 

„ =0*300 

Hyjp(jlyc8emic 


The interpretation of these results is facilitated when they are con¬ 
sidered in relation to certain other experimental data. In the experiment 
of Burn, previously referred to, a well-fed adult rabbit was taken and 
the blood-sugar response to 8 mg. of an early insulin preparation deter¬ 
mined on two separate occasions. The first experiment was with insulin 
alone, whilst in the second, 6 mg. of ergotoxine were administered 2 hours 
prior to the insulin. With insulin alone the blood-sugar curve described 
by Burn was very similar to curve A in Fig. 1, which represents the 
changes in the blood sugar of a toxsemic young rabbit injected with 1 unit 
of insulin. In both animals insulin produced, within about an hour, a 
lowering of the blood-sugar level to approximately 0*060 p.c., but then, 
instead of progressing to a more definitely hypoglycsemic level, the blood 
sugar slowly rose to its original level, so that, within 2 hours, the insulin 
effect had practically disappeared. When ergotoxine was injected prior 
to the insulin, Burn found that the latter acted more effectively, so 
that now the blood-sugar curve was similar to that shown as B in 

Fig. 1. 



Blood sugar, p.c. 
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In discussing bis results, Burn has quoted the observations of 
McCormick, Macleodand colleagues [1923],from whichitwouldappear 
that, whilst the initial fall of blood sugar caused by insulin is independent 
of the amount of liver glycogen, the rate at which the blood sugar 
returns to its normal level is largely governed by the amount of sugar 



which the liver can supply. It is certainly a matter of common obser¬ 
vation that adult well-fed rabbits, in comparison with animals that have 
fasted, require larger doses of insulin to produce hypoglycsemic symptoms. 
However, there is a fundamental difEerenoe between such well-fed animals 
and the young fasting rabbits that have been used in the present in¬ 
vestigations. In the former class there is undoubtedly an abundant supply 
of liver glycogen, whilst in the latter, as judged by the control figures, 
only small quantities are likely to be present; so that in these animals a 
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high liver glycogen could not be the factor that determined the nature 
of their reaction to insulin. 

It is now generally accepted that the hyperglycsemia produced by 
adrenaline is due to its action on a sympathetic mechanism in the liver 
by means of which glycogen is mobilized to glucose. The work of Cannon, 
Mclver and Bliss indicates that adrenaline is liberated in response to 
insulin hypoglycsemia, so that these authors regard this phenomenon 
as a mechanism for protecting the body from dangerous hypoglycsemia. 
It would, therefore, appear reasonable to assume that, in the case of the 
adult well-fed rabbit, when the blood sugar had fallen to 0-06 p.c., the 
adrenaline secreted at this stage was able to mobilize suflB.cient glycogen 
as fully to compensate for the hypoglycasmic action of insulin. Ergo- 
toxine is known to inhibit this sympathetic mechanism in the liver, so 
that insulin then acts without the complicating factor of glycogen 
mobilization; and imder these conditions the blood sugar steadily pro¬ 
gresses to a hypoglycfismic level. 

The similarity in the blood-sugar curves of the young toxsemic rabbit 
and the adult well-fed rabbit, together with the effect of ergotoxine on 
these curves, suggests that, in both instances, we are dealing with a 
phenomenon dependent upon glycogen mobilization under the influence 
of the sympathetic nervous system, and at present we believe that adrena¬ 
line is the hormone chiefly concerned with the activation of this mechanism. 

The evidence obtained from the preceding experiments, unlike that 
ofKarelitz and his co-workers, does not suggest that the toxaemia has 
produced substances that directly inhibit the action of insulin. Thus, the 
initial fall of the blood sugar in response to 1 unit of insulin is similar in 
both normal and toxaemic animals and the reduced effectiveness of 
insulin in the well-fed adult rabbit and the young fasting toxaemic one 
would appear, as judged both from the blood-sugar curves shown in 
Fig. 1, and from the action of ergotoxine, to be dependent upon 
variations in the normal process of glycogen mobilization. The following 
somewhat isolated experiment with the spinal eviscerated preparation 
lends additional support to this view, since it demonstrates that a small 
dose of insulin, acting in the presence of a toxaemic state, is still effective 
in lowering the blood sugar. Adopting the technical procedures already 
described in a previous paper [Corkill and Marks, 1930], an attempt 
was first made to find a dose of insulin that produced only a moderate 
lowering of the blood sugar and then the effect of the same dose was 
studied in the presence of a diphtheritic toxaemia. It was found that 
5-6 M.L.D. of diphtheria toxin usually caused the death of a cat weighing 



TOXEMIA ON CARBOHYDRATE METABOLISM. 397 


about 3 kg. within 4~6 days, so that in a sense this degree of toxeemia is 
comparable to that used in the previous experiments. 

Experiment. Insulin only. Cat weight =2*6 kg. Spinal eviscerated 
preparation with suprarenal glands removed. Infusion of 4 p.c. glucose 
at the rate of 384 mg. an hour. 

Time . 1-0 1-30 210 f 2-40 3 10 3-40 

Blood sugar, p.c. 0-223 0-218 0-218 | 0-195 0-160 0-132 

Insulin 

5 units 

Fall in blood sugar=86 mg. 

Experiment. Insulin in the presence of a toxeemia of 24 hours* 
duration. Cat weight == 2*8 kg. Spinal cord cut. Eviscerated and supra¬ 
renal glands removed. Infusion of 4 p.c. glucose at rate of 384 mg. an 
hour. 

Time . 12-46 I-IO 1-30 f 2-0 2-30 3-0 

Blood sugar, p.c. 0-262 0-250 0-247 | 0-228 0-189 0-159 

Insulin 

6 units 

Fall in blood sugar=88 mg. 

It cannot be suggested that the toxaemia has in any way interfered 
with the effect of insulin, as judged from that produced in the control 
animal. These results would naturally become more significant if it could 
be shown that the same degree of toxaemia was capable of producing a 
resistance to insulin in the intact cat. Owing to the difficulties in handling 
the cat for such an experiment, this was not done. Nevertheless, the 
facts appear to indicate that under these conditions there is no in vivo 
inactivation of insulin. 

Note. The fasting blood-sugar values of the normal young rabbits 
used in the preceding experiments show much lower levels than those ob¬ 
served in previous investigations which were carried out in England. 
Dr Broben, who is in charge of the insulin standardization department 
at the Commonwealth Serum Laboratories, has furnished me with a series 
of 2000 fasting blood-sugar figures on adult rabbits, and the results are 
of the same order as those described in connection with the young rabbits 
used in the present investigation. 

III. Experiments with adrenaline. 

In attempting to explain the blood-sugar changes encountered in the 
toxaemic young rabbits, there are two possibilities to be considered, 
namely, that as a result of the toxaemia these animals are either more 

26 


PH. LXXV. 



398 


B. CORKILL. 


sensitive to glycogenolytic agents, such as adrenaline, or respond more 
readily to hypoglyca?mia, with an outpouring of adrenaline. Lawrence 
and Buckley were of the opinion that the former condition was present 
in their adult toxsemic rabbits, but it is not clear that their evidence 
warrants this assumption. In one of their experiments 0*5 mg. of adrena¬ 
line was injected into a rabbit when the toxaemia was of 5 days’ duration, 
and the blood sugar rose from 0*120 to 0*305 p.c. within If hours. It 
was assumed from this single observation that “in the metabolic con¬ 
dition produced by the toxin, glycogenolytic agents cause an increased 
action.” Apart from the fact that the dose of adrenaline was in itself 
rather in excess of that required to produce a definite hyperglycaemia 
(usually 0*2-0*25 mg. should prove ample for an adult rabbit), they have 
not compared the effect observed in the toxsemic animal with that pro¬ 
duced by the same dose of adrenaline in a normal rabbit. 

The question whether toxaemia increases the hyperglycaemic response 
to a given dose of adrenaline was tested by the experiments of which the 


results are given in 

Table IX. 



Rabbit 

Table IX. 

2nd test 

No. 

wt. g. 

1st test 

(4 days later) 

1* 

800 

Fasting blood sugar =0*088 

0*14 mg. adrenalme 

1 hour later blood sugar=0*177 

2 hours „ =0*180 

Before the injection of toxin 

0*090 

0*165 

0*190 

In the presence of a 
24 hour toxaemia 

2 

740 

Fasting blood sugar =0*090 

0*14 mg. adrenaline 

1 hour later blood sugar=0*168 

2 hours „ =0*176 

0*086 

0*110 

0*090 

3 

780 

Fasting blood sugar =0*089 

0*14 mg. adrenaline 

1 hour later blood sugar =0*174 

2 hours „ =0*178 

0*095 

0*25 mg. adrenaline 
0*134 

0*160 


♦ This animal received no toxin. 

The responses of two rabbits to 0*14 mg. of adrenaline were measured 
while still normal, and, 4 days later, in early diphtheritic toxaemia. A 
third animal, to control the effect of successive injections, received the 
two doses of adrenaline at the same interval, but no diphtheria toxin. 
It will be seen that the toxaemia has not increased the hyperglycaemic 
response; it has rather weakened it. If, therefore, the resistance to insulin 
^yp<^g^y<58emia is due to an augmented antagonism of the insulin effect by 
adrenaline, this increase must be due to a readier or more abundant 
output of adrenaline in response to the initial hypoglycaemia. 
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This conclusion is confirmed by the results of experiments shown in 
Table X, which were made to determine the effect of the toxaemia on the 
storage of glycogen in the liver, which a small dose of adrenaline, like a 
suitable dose of insulin, normally causes in the young rabbit. 





Table X. 


No. 

Rabbit 
wt. g. 

Liver 
wt. g. 

Liver 

glycogen 

p.c. 

Remarks 

1 

715 

20 

2*4 

Normal rabbit 

Fasting blood sugar =0-104 
0-14 mg. adrenaline 

1 hour later blood sugar =0-179 

2 hours „ =0-190 

Killed 

2 

680 

19 

0-48 

Toxaemia rabbit 

Fasting blood sugar =0-083 
014 mg. adrenaline 

1 hour later blood sugar=0-132 

2 hours „ =0-170 

Killed 

3 

693 

21-3 

0-53 

Toxaemic rabbit 

Fasting blood sugar =0-110 
0-14 mg. adrenaline 

1 hour later blood sugar =0-141 

2 hours „ =0*152 

Killed 

4 

720 

2015 

0-35 

Normal control 


It will be seen that the toxaemia, while somewhat depressing the 
hyperglycaemia caused by adrenaline, suppresses the storage of liver 
glycogen in response to that substance, almost as completely as it sup¬ 
presses the similar effect of insulin. It should be noted that, in order to 
obtain this effect of adrenaline on the liver of the normal animal, it is 
necessary to choose the dose sufficiently low to avoid a pronounced 
hyperglycaemia. The effect of adrenaline is not simple, and a dose high 
enough, in relation to the sensitiveness of the rabbit, to cause a large 
hyperglycsemia may cause loss rather than gain of glycogen by the liver. 
In the comparative experiments in Table X, however, there is no question 
of this. The hyperglycsemia in the toxsemic animals is milder than that in 
the normal animal, which shows a large increase of liver glycogen. 

Since neither insulin nor adrenaline by itself, in doses causing ac¬ 
cumulation of glycogen in the liver of the normal fasting young rabbit, 
produces this effect in a similar rabbit poisoned with diphtheria toxin, 
it was desirable to ascertain what the two hormones would do in this 
direction when injected together. Goldblatt [1929] showed that insulin 
and adrenaline together, in a dose containing such excess of the latter 

26—2 
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Table XI. (Two litters, each comprising five rabbits, were used and the figures in 
brackets refer to the litter from which the animal was taken.) 

Liver 


No. 

Rabbit 
wt. g. 

Liver 
wt. g. 

glycogen 

p.o. 

Remarks 

1 (L. I) 

700 

19*90 

0*40 

Normal rabbit 

2 (L. 2) 

920 

21*14 

0*16 

Normal rabbit 

3(L. 1) 

720 

21*20 

1*50 

Normal rabbit 

Fasting blood sugar=0*080 

♦1 unit of insulin + 0*18 mg. adrenaline 

1 hour later blood sugar=0*152 

2 hours „ =0*132 

Killed 

4(L.2) 

905 

22 

1*25 

Normal rabbit 

Fasting blood sugar=0*110 

1 unit of insulin +0*18 mg. adrenaline 

1 hour later blood sugar=0*154 

2 hours „ =0*132 

Killed 

5(L.l) 

650 

21*20 

1*50 

Normal rabbit 

1 unit of insulin 

Killed 2 hours 20 min. later 

6 (L. 2) 

878 

18*35 

1*80 

Normal rabbit 

1 unit of insulin 

Killed 2 hours later 

7(L.l) 

930 

19*40 

0*17 

Toxaemic rabbit 

Fasting blood sugar=0*108 

1 unit of insulin +0*18 mg. adrenaline 

1 hour later blood sugar=0*115 

2 hours „ =0*065 

8 (L. 1) 

950 

20*1 

0*18 

Toxjcmio rabbit 

Fasting blood sugar=0*106 

1 unit of insulm + 0*18 mg. adrenaline 

1 hour later blood sugar=0*124 

2 hours „ =0*097 

9(L.2) 

680 

20*0 

0*10 

Toxaemic rabbit 

Fasting blood sugar =0*083 

1 unit of insulin + 0*18 mg. adrenaline 

1 hour later blood sugar=0*075 

2 hours „ =0*061 

10 (L. 2) 

700 

20*25 

0*15 

Toxaemic rabbit 


Fasting blood sugar=0*099 
1 unit of insulin + 0*18 mg. adrenaline 

1 hour later blood sugar=0*079 

2 hours „ =0*061 

♦ The insulin and adrenaline were not mixed but injected separately into the sub¬ 
cutaneous tissues of opposite thighs. The appropriate quantity of 1/10,000 adrenaline 
was made up to a volume of 2 c.c. with normal saline. 


that the effect, on balance, was a moderate increase of blood sugar, 
caused a deposition of glycogen in the liver similar to that produced by 
the same dose of insulin alone. My own experiments with the combined 
effect on normal rabbits, as shown in Table XI, give a very similar result. 
In spite of the fact that a moderate rise of blood sugar is produced, in 
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place of the fall caused by the same dose of insulin alone, the gain of 
liver glycogen is not significantly different, in the normal rabbits receiving 
the combined treatment, from that seen in those receiving insulin by 
itself. 

In the toxeemic rabbits, on the other hand, although the hyper- 
glycaemia is slight, or replaced by a mild degree of hypoglycaemia, the 
treatment with insulin and adrenaline together is just as ineffective, in 
causing the deposition of glycogen in the liver, as was that with either 
hormone separately. 

Discussion. 

In my earlier paper I gave reasons for believing that, when either 
insulin or adrenaline is injected into a normal animal, the effect produced, 
and especially that on the liver glycogen, is not the result of an uncom¬ 
plicated action of the hormone injected, but involves the intervention of 
a reactive increase in the output of the other, from the suprarenal medulla 
or the pancreatic islets as the case may be. I suggested further, but 
without the support of experimental evidence, that other hormones might 
also participate in what seemed to be a complex effect. The results above 
recorded certainly do not weaken the impression of the complexity of the 
problem, and of the difficulty of framing a comprehensive interpretation 
of all the data. 

If the effects of diphtheria poisoning on the response of the blood 
sugar to insulin stood by themselves, they would present no special 
difficulty. In the early period after injection of insulin, the blood sugar 
show^s, in the poisoned animal, a steep decline very similar to that seen 
in the normal. The difference in final effect is due to an early interruption 
of the fall by a secondary rise, which we can reasonably attribute to an 
excess of the normal effect of a reactive output of adrenaline, in pro¬ 
moting recovery from insulin hypoglycsemia. This supposition is sup¬ 
ported by the fact that ergotoxine removes this abnormally early 
recovery. Since adrenaline, artificially injected, produces a rather less 
severe hyperglycsemia in the poisoned animal than an equal dose pro¬ 
duces in the normal animal, the early recovery is not due to abnormal 
sensitiveness to this effect of adrenaline. It must, therefore, be due to an 
abnormally ready, or abnormally large, output of adrenaline from the 
glands; and this is in accordance with the observation that the suprarenal 
medulla does, indeed, lose its adrenaline with abnormal rapidity in these 
toxfiemic animals. So far the facts appear to fit a relatively simple 
conception. 
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The eiBEects of the diphtheria poison on the accumulation of liver 
glycogen are much more difficult to interpret. The normal effects of 
insulin or adrenaline alone, in causing such accumulation, are suppressed. 
If the deposition really required a balanced action of the two hormones, 
and if we rightly interpret the effects on the blood sugar as indicating an 
over-ready response of the suprarenal gland to hypoglycsemia, we should 
expect insulin to promote the deposition of liver glycogen with unusual 
readiness in the toxsemic animal. Similarly adrenaline, causing less hyper- 
glycaemia in the toxaemic than in the normal animal, might be expected 
to cause the deposition of glycogen the more easily. In both cases the 
effect observed is the opposite of that expected. Again, if we suppose 
that the toxaemia upsets, in either direction, the response of the endocrine 
organ to the effect of the alternative hormone, we ought to be able to 
restore the balance by giving insulin and adrenaline together, in pro¬ 
portions which cause glycogen deposition in the liver of the normal 
animal; but again the effect is suppressed by the toxaemia. The inter¬ 
pretation, again, would be simple if we could suppose that the toxin had 
deprived the liver cells of their power of forming and holding glycogen. 
The dose of toxin and the time of its action were so chosen, however, as 
to ensure that the liver was still capable of storing glycogen normally 
when glucose was administered. 

The only safe conclusion, for the present, appears to be that the effect 
of the toxin, at a stage when the liver can still store glycogen, interrupts 
at some point the complex chain of events, which leads to such storage 
when an injection of insulin or adrenaline, or of both together, is made into 
a normal young rabbit. The complexity may be illustrated by considering 
the associated increase of both liver glycogen and blood sugar when a small 
dose of adrenaline is given to a normal young rabbit. The rise of blood 
sugar may be attributed to the accelerated conversion into glucose of 
glycogen already existing in the liver; but this must be more than 
counterbalanced by the new formation of liver glycogen from some other 
substance than glucose. Some of it is known to be formed from lactic 
acid, liberated by accelerated breakdown of muscle glycogen. To deter¬ 
mine, however, whether enough glycogen is lost from the muscles, to 
account for the observed increase in the liver as well as for what is again 
shed into the blood as glucose, we should require detailed analyses, in¬ 
cluding determinations of respiratory exchange, on rabbits in sufficient 
numbers to eliminate the errors due to individual differences. Without 
such data as would enable the contribution of each factor of the complex 
to be assessed, it is impossible to identify the particular defect in the 
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rabbit with early diphtheria toxaemia. We only know that the defect is 
such as to prevent the normal increase of liver glycogen, when either 
insulin or adrenaline is injected, with relatively small and inconstant 
disturbance of the ejffect on the blood sugar. The knowledge emphasizes 
the complexity of the effect on the carbohydrate balance, produced 
when either hormone is injected into the normal animal; and it again 
shows clearly that there is no direct causal relationship between accumu¬ 
lation of liver glycogen and fall of blood sugar under the action of insulin. 

Summary. 

1. The actions of insulin and adrenaline have been studied in normal 
young rabbits, and in similar rabbits at an early stage of poisoning with 
diphtheria toxin. 

2. Although both these hormones cause a deposition of liver glycogen 
in young fasting rabbits, neither can produce this effect in the toxsemic 
animals, whether given separately or in combination. 

3. In most of the toxsemic animals a resistance to the effect of insulin 
on blood sugar was observed, having the nature of early recovery from 
hypoglycsemia. 

4. Ergotoxine, although abolishing this insulin resistance, does not 
facilitate the deposition of liver glycogen. 

5. The bearing of these observations on the complex action of insulin 
in the normal animal is discussed. 

I am greatly indebted to Sir Henry Dale and to Dr Penfold for 
much helpful advice and criticism, and also to Dr Willis for his con¬ 
tinuous assistance in the histological examinations that were necessary 
in the present investigations. 
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THE EFFECTS OF THE COMPONENTS OF LECITHINE 
UPON DEPOSITION OF FAT IN THE LIVER. 

By C. H. best and M. ELINOR HUNTSMAN. 

{Department of Physiology^ University of Toronto.) 

The results of the experiments in which purified lecithine from two 
sources, egg yolk and fresh beef liver, has been shown to prevent de¬ 
position of fat in the livers of normal rats [Best, Hershey and Hunts¬ 
man, 1932] have led us to study the effects of feeding various components 
of lecithine. It appeared possible that the oleic or other unsaturated 
fatty acid, the glycerophosphate, the choline, some combination of two 
or more of these factors, or the whole lecithine molecule, might be the 
active agent. The general procedure in this series of experiments has been 
to substitute for the lecithine in the daily diet of each rat the amounts of 
glycerophosphate, oleate, or choline, which it is calculated might be 
derived from 0*5 g. of purified lecithine. This amount of lecithine was 
previously found to be effective in preventing the deposition of fat in the 
livers of normal white rats, each of which ingested daily for 3 weeks 
approximately 2-5 g. of fairly well-saturated fat. 

Methods. 

The methods used in this study were in general similar to those dis¬ 
cussed in the preceding paper. Any slight change will be noted in the 
description of each experiment. The required amount of the material 
under test was dissolved in water, except in the case of sodium oleate, 
and thoroughly mixed each day with the diet, which contained approxi¬ 
mately 40 p.c. fat (beef dripping). 

Experimental results. 

(1) Glycerophosphate. In the first experiment the effect of sodium j8 
glycerophosphate was tested; 0’12 g. was added to the daily diet of each 
rat. The values obtained in the control experiment are given in Table I. 
The results for the animals which received sodium /S glycerophosphate 
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Table I. Fat diet. Stock diet plus fat (fat 40 p.c. of total food). 



Total 

fat 

Fat 

eaten 

Fat 

excreted 

Wt. 
of rat 

Wt. 
of rat 

p.c. fatty 
acids 


Rat 

eaten 

per diem per diem 

before 

after 

in 

Iodine 

No. 

(g-) 

(g*) 

(g.) 

(g.) 

(g-) 

liver 

No. 

41 

52-5 

2-5 

013 

152 

158 

12-8 

82 

42 

52-5 

2*5 

016 

174 

174 

23-5 

80 

43 

52-5 

2-5 

015 

182 

184 

9-5 

87 

44 

52-5 

2-5 

017 

188 

186 

21*9 

90 

45 

52*5 

2-5 

0*15 

186 

184 

7-6 

88 

46 

52-5 

2-5 

019 

200 

194 

22-3 

86 

47 

52-5 

2-5 

017 

214 

204 

7-8 

84 

48 

52-5 

2-5 

016 

212 

212 

20-0 

96 

49 

52-6 

2-5 

019 

264 

244 

16-4 

96 

50 

52-5 

2*5 

0-17 

232 

222 

Average 

15*7 
= 15-6"' 

99 


are given in Table II. In another series of experiments in which calcium 
a glycerophosphate was used the average liver fatty acid of the control 
group was 17-3 p.c. and that of the test group 19-5 p.c. These results 
indicate that deposition of fat in the liver is not prevented by the glycero- 

Table II. Fat diet plus sodium glycerophosphate. Stock diet plus fat (fat 40 p.c. 
of stock diet plus fat ration) plus sodium glycerophosphate. 


Sodium 



Total 

Fat 

Wt.of 

Wt. of 

glyoero. 

p.c. fatty 



fat 

eaten per 

rat 

rat 

phosphate 

acids 


Rat 

eaten 

diem 

before 

after 

per diem 

in 

Iodine 

No. 

(g.) 

(g.) 

(g.) 

(g.) 

(g.) 

liver 

No. 

Ill 

52-5 

2-5 

164 

168 

012 

9*2 

148 

112 

525 

2-5 

154 

162 

012 

20-1 

85 

113 

52*5 

2-5 

170 

160 

012 

14-8 

82 

114 

52-5 

2-5 

170 

170 

012 

16-8 

57 

115 

52'5 

2*5 

210 

198 

012 

7-4 

100 

116 

52-5 

2-5 

210 

190 

012 

8-3 

107 

117 

52*5 

2-5 

220 

210 

012 

21-7 

89 

118 

525 

2-5 

214 

198 

012 

23-6 

96 

119 

52-5 

2*5 

238 

230 

012 

22-4 

90 

120 

511 

2-4 

242 

214 

012 

36-3 

77 


Average = 18*1 


phosphoric acid derived from the lecithine. In some preliminary experi¬ 
ments performed several years ago, in which sodium phosphate was 
added to a diet high in fat, Hers hey and So skin obtained similar 
negative results. 

(2) Sodium oleate. Approximately the amount of sodium oleate which 
might be formed as a result of the decomposition of 0*5 g. of purified 
lecithine was added to the daily ration of each test rat in this series 
(Table IV). The results for the controls of this series are given in Table III. 
These results demonstrate that sodium oleate does not inhibit fat de¬ 
position in the liver under the conditions of these experiments. In other 
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Table 111. Fat diet. Stook diet plus fat (fat 40 p.c. of total food). 




Total 

Fat 

Fat 

Wt. 

Wt. 




Length 

fat 

eaten 

excreted 

of rat 

of rat 

p.c. fatty 


Bat 

of exp. 

eaten 

per diem 

per diem 

before 

after 

acids 

Iodine 

No. 

(days) 

(g-) 

(g*) 

(g.) 

(g.) 

(g.) 

in liver 

No. 

1 

20 

500 

2-5 

017 

210 

200 

9*2 

97 

2 

20 

500 

2*5 

015 

190 

184 

11-0 

95 

3 

20 

600 

2-5 

016 

170 

174 

160 

90 

4 

20 

50-0 

2-5 

015 

170 

166 

8-5 

94 

5 

21 

52-5 

2-5 

017 

180 

176 

2M 

_ 

6 

21 

52-5 

2-5 

016 

176 

174 

8-2 

100 

7 

21 

62-5 

2-6 

016 

180 

170 

11*7 

95 

8 

21 

52*5 

2-5 

017 

182 

170 

28*2 

97 

9 

21 

61-6 

2-5 

018 

166 

152 

13-8 

89 

10 

21 

52*6 

2-5 

014 

162 

158 

16-4 

91 


Average = 14-4 


Table IV. Fat diet plus sodium oleate. Stock diet plus fat (fat 40 p.c. of stock 
diet and fat ration) plus sodium oleate. 




Total 

Fat 

Wt. 

Wt. 

Sodium 




Length 

fat 

eaten 

of rat 

of rat 

oleate 

p.c. fatty 


Rat 

of exp. 

eaten 

per diem 

before 

after 

per diem 

acids 

Iodine 

No. 

(days) 

(g*) 

(g.) 

(g*) 

(g-) 

(g-) 

in liver 

No. 

61 

20 

500 

25 

200 

210 

019 

7-5 

Ill 

62 

20 

500 

2-5 

190 

200 

019 

9-2 

114 

63 

21 

51-5 

2-5 

164 

162 

019 

14-2 

74 

64 

21 

50*5 

2*4 

180 

180 

0-18 

17 4 

94 

65 

21 

50-2 

2-4 

180 

188 

018 

13-6 

93 

66 

21 

52-5 

2-5 

205 

208 

019 

18-2 

95 

67 

21 

52*5 

2*5 

166 

170 

019 

140 

99 

68 

21 

52-5 

2-5 

162 

174 

019 

9-2 

95 

69 

21 

52*5 

2*5 

178 

182 

019 

6-8 

104 


Average = 12-2 


experiments in which much larger amounts of sodium oleate were pro¬ 
vided, negative results were also obtained. 

(3) Choline, The effects of various amounts of choline have been 
studied. The largest amount given, 117 mg. daily, appeared to be fairly 
well tolerated. The smallest dose used (10 mg. daily) produced a definite 
effect on deposition of liver fat, but the average value in this series was 


Table V. Fat diet plus choline. Summary of results. 


Choline per 
day per 
rat‘(mg.) 

No. of rats 

Average fat 
eaten per 
diem (g.) 

p.c. fatty 
acids in 
liver 

Iodine No. 

0 

37 

2*5 

16-2 

97 

10 

10 

2-5 

9-7 

95 

20 

9 

2-5 

4-9 

102 

40 

9 

2-5 

5-5 

110 

66 

6 

2-5 

3-5 

1.35 

70 

10 

2*5 

5*2 

103 

100 

5 

24 

3-4 

— 

117 

10 

24 

51 

Ill 
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considerably higher than in other animals from the same colony which 
received larger amounts of choline. The average figures for the fatty acid 
content of the livers of all the control and test animals are given in 
Table V, while the results for the individual rats in one series are given in 
Table VI. The controls for this group are the same as those receiving 


Table VI, Fat diet plus choline. Stock diet plus fat (fat 40 p.c. of stock diet and 
fat ration) plus choline. 



Total 

Fat 

Fat 

Wt. 

Wt. 


p.c. 



fat 

eaten 

excreted 

of rat 

of rat 

Choline 

fatty 


Rat 

eaten 

per diem per diem 

before 

after 

per diem 

acids 

Iodine 

No. 

(g.) 

(g.) 

(g*) 

(g.) 

(g.) 

(g.) 

in liver 

No. 

.51 

52-6 

2-5 

019 

210 

206 

0-07 

3-8 

112 

.52 

51-8 

2-5 

015 

170 

168 

0-07 

5-6 

98 

53 

43-8 

21 

0-17 

170 

164 

0-06 

61 

98 

54 

,52-5 

2-6 

015 

178 

158 

0-07 

5-4 

91 

55 

52-6 

2-5 

0-16 

182 

180 

0-07 

6*2 

100 

56 

52-5 

2-5 

012 

190 

190 

007 

3-2 

126 

57 

.52-5 

2-5 

015 

210 

210 

007 

5-6 

106 

58 

.52*5 

2-5 

016 

212 

198 

0-07 

3-9 

109 

59 

52-5 

2-5 

016 

242 

218 

0-07 

8-0 

88 

60 

52-5 

2-5 

0*23 

240 

222 

007 

4*2 

104 


Average = 5-2 


sodium glycerophosphate and sodium oleate (Table I). Figures for daily 
fat excretion are given in Table I and Table VL In each of the seven 
experiments in which choline was administered, deposition of liver fat %vas 
unmistakably less than in the control animals. 

The effect of choline administered subcutaneously. 

In two short series of experiments the effect of choline injected sub¬ 
cutaneously has been studied. In the first series 5 mg. administered in 
one dose daily produced no detectable effect upon the deposition of 
liver fat. In the second series 10 mg. were administered at each injection, 
and each test rat received for a period of 3 weeks two injections on 
Saturdays and Sundays, and four on other days. This treatment resulted 
in an average liver fat of 3*8 p.c. in the 10 test rats. The control animals 
of this series received the same volume of saline and the same number of 
injections as those to which the choline was administered. This treatment 
did not agree well with either the control or test animals, and they were 
not in good condition at the end of the experiment. The average liver 
fatty acid of the control animals was 7*4 p.c. Since a comparable group 
of animals receiving the same diet, but no injections of saline, had an 
average liver fatty acid content of 16*6 p.c. (Table I) it is apparent that 
the frequent handling and subcutaneous injections interfered with de- 
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position of liver fat. The choline chloride may have been slightly more 
irritating on subcutaneous injection than the saline, but the animals 
which received choline were in quite as good condition as those that had 
saline at the termination of the experiment. It appears, however, that 
choline administered subcutaneously does inhibit fat deposition in the 
liver under the conditions of this experiment. Another group of ten 
animals in this series received subcutaneously 0*5 c.c. each day of a 
suspension containing 60 mg. of purified beef liver lecithine in distilled 
water. The lecithine was not well absorbed, and lumps developed at the 
sites of the injections. The average liver fatty acid content at the end of 
3 weeks was 5*2 p.c. (controls 7*4 p.c.). The results of these preliminary 
experiments suggest that the subcutaneous administration of the factor 
or factors which affect deposition of liver fat in the white rat is unlikely 
to be satisfactory. 

Effect of some other substances. 

Amino-ethyl alcohol. Since the purified lecithine which has been used 
contained a small amount of amino-nitrogen, the effect of amino-ethyl 
alcohol was studied. The results obtained in the test animals are given in 
Table VII, and those for the controls in Table III. 


Table VII, Fat diet plus amino-ethyl alcohol. Stock diet plus fat (fat 40 p.c. of 
stock diet and fat ration) plus amino-ethyl alcohol. 


Rat 

Length 
of exp. 

Total 

fat 

eaten 

Fat 
eaten 
per diem 

Wt. 
or rat 
before 

Wt. 
of rat 
after 

Amino- 
ethyl 
alcohol 
per diem 

p.c. 

fatty 

acid 

Iodine 

No. 

(days) 

(g.) 

(g-) 

(g*) 

(g.) 

(g.) 

in liver 

No. 

,)! 

20 

47-5 

2-4 

170 

167 

0*036 

11*0 

107 

52 

20 

500 

2*5 

196 

208 

0*038 

10*7 

104 

53 

21 

52-5 

2-5 

198 

190 

0 038 

12*7 

95 

54 

21 

62-6 

2-5 

185 

175 

0*038 

10*6 

92 

55 

21 

52-5 

2-5 

170 

172 

0*038 

14*4 

87 

56 

21 

510 

2-4 

164 

160 

0*037 

16*7 

90 

57 

21 

52-5 

2-5 

164 

170 

0*038 

14*8 

97 

58 

21 

52-5 

2-5 

194 

— 

0*038 

6*2 

86 


Average = 12*1 


Betaine. The activity of choline in preventing deposition of liver fat 
immediately focused our attention on substances of similar chemical 
constitution. A comprehensive study of related compounds is contem¬ 
plated. It is very interesting that an apparently positive result has been 
obtained with betaine. The results for the betaine controls are given in 
Table I, and those of the test animals in Table VIII. 
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Table VIII. Fat diet plus betaine. Stock diet plus fat (fat 40 p.c. of stock diet 
and fat ration) plus betaine. 



Total 

Fat 

Wt. 

Wt. 


p.c. 



fat 

eaten 

of rat 

of rat 

Betaine 

fatty 


Eat 

eaten 

per diem 

before 

after 

per diem 

acids 

Iodine 

No. 

(g.) 

(g.) 

(g-) 

(g-) 

(g.) 

in liver 

No. 

101 

52-5 

2-5 

160 

164 

012 

5-6 

70 

102 

52-5 

2-5 

158 

168 

012 

10-7 

79 

103 

491 

2-3 

170 

170 

Oil 

61 

116 

104 

52-5 

25 

180 

178 

012 

3-6 

114 

105 

.511 

2-4 

190 

182 

0*12 

4-6 

120 

106 

.52-5 

2-5 

200 

200 

012 

5-5 

98 

107 

52-5 

2‘6 

212 

202 

0*12 

3-8 

146 

108 

52-5 

2-5 

216 

206 

012 

7-8 

96 

109 

51-6 

2-5 

212 

202 

012 

50 

109 

110 

52-5 

2*5 

234 

226 

012 

5*8 

137 


Average = 5*9 


Discussion. 

The results of the experiments reported in this paper establish the 
fact that neither sodium nor calcium glycerophosphate nor sodium oleate, 
when fed daily in amounts which might be derived from 0*5 g. of lecithine, 
inhibits the deposition of fat which takes place in the livers of control 
white rats under the conditions of our experiments. Choline chloride, 
however, added to the stock diet inhibits in some way this accumulation 
of fat in the liver. The possibility that oleate or glycerophosphate may 
influence this action of choline has not yet been investigated. 

The fact that amino-ethyl alcohol, when fed daily in amounts which 
might be derived from 0*5 g. of kephaline, does not inhibit deposition of 
fat in the livers of rats, suggests that kephaline plays no part in the 
“lecithine’’ effect. The apparently positive result obtained when betaine 
was added to the diet indicates that other compounds containing penta- 
valent nitrogen should be investigated. 


/OH 

(CH,)3=N<( 

^CHj—CH3OH 

Choline 


(CH,)3= 


OH 


Betaine 


COOH 


It may be necessary to determine the relative potencies of betaine and 
choline and perhaps of other compounds before proceeding with the 
study of the physiological significance of the factor or factors which 
modify deposition of liver fat. 

In the previous paper [Best, Hershey and Huntsman, 1932] a 
number of very high iodine numbers were reported for the liver fatty acids 
of one group of animals which received crude liver lecithine. We have 
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encountered similar very high values in only one of the choline-fed series. 
While we have no ground, other than that of improbability in the light 
of preseiit knowledge, for suspecting the reliability of these high iodine 
numbers, we wish to reserve judgment on their probable significance 
until a more adequate study of this aspect of the problem has been 
carried out. These very high values are not included in Table V. In 
addition to the great variation between animals from different colonies 
and individuals from the same colony, the somewhat irregular physio¬ 
logical activity of commercial choline preparations must be considered 
in attempting to locate the causes of aberrant results. The possibility 
that certain specimens of liver may contain substances which interfere 
with determinations of iodine numbers by Wi j s’ procedure merits further 
investigation. 

Since we intend to follow several of the leads suggested by the results 
of the experiments reported above, it will be advisable to wait for further 
information on certain points before expressing an opinion on the physio¬ 
logical significance of this action of choline chloride. We are at present 
attempting to determine the action of choline in various species of small 
animals. The deposition of liver fat in mice is apparently influenced by 
choline in the same way as in rats. Experiments are also already well 
under way in which the effect of choline (1) on the lipa^mia which may 
be produced in diabetic dogs and (2) on the condition in these animals 
characterized by fatty degeneration of the liver, which has been referred 
to in previous communications, may be studied. Until the action of 
choline on depancreatized dogs has been thoroughly investigated there 
is no direct evidence for the attractive assumption that the mechanisms 
of the “lecithinc ” effects in diabetic dogs and normal rats are essentially 
similar. The results of one experiment on a depancreatized dog suggest, 
however, that this may prove to be the case. 

While it is obvious that the effects of choline or other active substances 
on fatty changes in the livers of experimental animals produced by 
various means (phosphorus or chloroform poisoning) may prove in¬ 
teresting fields of investigation, it is equally evident that much more 
information on normal animals can profitably be obtained before studies 
of that kind are initiated. 

In interpreting the results of these experiments, the values obtained 
from the analyses of the livers for total fatty acid are the only ones upon 
which we have relied. It is interesting, however, that in an experiment 
in which adequate amounts of a substance under test have been provided, 
the results can always be predicted from the appearances of the livers of 
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the control and test animals. Livers containing large amounts of fatty 
acid are yellowish in colour, and those in which the fat content is extremely 
high are very friable. The livers from the test animals are approximately 
normal in colour, and are smaller and firmer than those from the controls. 

Summary. 

The efiects of the various constituents of lecithins upon the deposition 
of fat in the livers of normal white rats under the conditions described in 
the previous paper [Best, Hershey and Huntsman, 1932] have been 
determined. The results indicate that neither the imsaturated fatty acid 
(sodium oleate) nor the glycerophosphate (sodium or calcium glycero¬ 
phosphate) is the active factor in the “lecithine” effect. Since our 
purified lecithine contained a small amount of amino-nitrogen, the action 
of amino-ethyl alcohol was also determined. Here again the results were 
negative. Choline (choline chloride), on the other hand, administered by 
mouth has consistently inhibited the deposition of fat in the livers of the 
rats under the conditions of our experiments. No evidence has been 
obtained that choline increases the excretion of fat. In one experiment 
positive results have been obtained with betaine. This finding indicates 
that further investigation of compounds containing pentavalent nitrogen 
may be profitable. A discussion of the possible physiological significance 
of these results is reserved until further experiments on rats and on other 
species of animals have been conducted. 
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OBSERVATIONS ON EXTRACTS OF BEEF ADRENAL 
CORTEX AND ELASMOBRANCH INTERRENAL BODY. 

By R. a. CLEGHORN. 

(The Defartment of Physiology^ University of Aberdeen,) 

The recent development of methods for the preparation of extracts of the 
adrenal cortex, which are capable when injected into adrenalectomized 
cats of reviving them from the symptoms of adrenal insufficiency and 
of prolonging their lives [Hartman, Brownell and Hartman, 1930; 
Swingle and Pfiffner, 1931 a, 6], renders possible a new approach in 
the investigation of functions of the cortex. With the aid of this advance 
two problems have been undertaken. The first, described in Part II of 
this paper, is an attempt to ascertain whether the structure in elasmo- 
branch fish, known as the interrenal body and which is supposed to be 
the homologue of the mammalian adrenal cortex, contains the same 
active substance as is present in beef adrenal cortex. The second con¬ 
cerns the averred influence of the adrenal cortex on sex functions 
and development and will be dealt with in a subsequent paper. 

Since a cortical extract of proved potency was necessary, and none 
was on the market when this work was begun, the preparation and 
testing of the material at first hand was imperative. Certain facts of 
interest emerging from this preliminary work justify its being dealt with 
more fully than would otherwise be necessary. 

Part I. 

(i) The extract of beef adrenal cortex. 

In selecting one of the two available methods for preparing an active 
cortical extract, that of S w i n g I e and Pfiffner[19316] was chosen because 
the published accounts of technique and experimental results were more 
satisfactory. In this procedure the minced, fresh, whole, beef glands are 
extracted several times with ethyl alcohol of which the concentration is 
maintained at about 80 p.c. by volume. The alcohol is removed from the 
filtered extract by distillation under reduced pressure at 40-60° C. The 
resulting residue is similarly treated in turn with benzene and with 
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acetone. The acetone-soluble residue is further purified by repeated dis 
tribution between 70 p.c. alcohol and petroleum ether of low boiling 
point. The alcohol fractions are further washed with petroleum ether, 
combined and all but a trace of adrenaline removed by allowing the 
alcohol solution to percolate through permutit. On removing the alcohol 
and adding water a part remains out of solution. The aqueous solution, 
1 c.c. per 50 g. of original gland, is prepared for subcutaneous injection by 
passing through a sterile Seitz filter. 

By this technique thirty-two batches of extract have been prepared, 
care being taken to use pure solvents. The following minor modifications 
in the routine work were found necessary. 

(a) It was impracticable to arrange that the glands should be regularly 
placed on ice immediately on removal from the animals at the slaughter 
house. Consequently, in most instances, they had been at room tempera¬ 
ture from 2-6 hours before being placed in alcohol. 

(b) Unfortunately, the quantity of glands available on any day was 
small and, to maintain some degree of economy in their extraction, the 
alcoholic extracts of those obtained on a number of days had to be 
accumulated and combined. Consequently, the tissue first obtained was 
extracted in alcohol for 8-10 days and the last but 3-5 days. 

(c) The water used in the final stage of later extracts was adjusted to 
pH 5 by addition of N HCl, since it was found that this facilitated Seitz 
filtration. 

One batch of glands was treated by a modified process as follows: 
The minced tissue was extracted repeatedly with a mixture of benzene 
and alcohol in equal volumes, in the hope that the low boiling point of 
the ternary mixture would facilitate the subsequent removal of water 
under reduced pressure and render possible extraction of the tissue with 
an anhydrous organic solvent. For this latter purpose benzene was used 
repeatedly, in presence of large quantities of anhydrous sodium sulphate. 
The benzene washings were filtered off through a Buchner funnel, com¬ 
bined and distilled. Thence the residue was treated as in the Swingle 
and Pfiffner method. 

No particular difficulty was encountered in the preparation of these 
extracts by the Swingle and Pfiffner method and only one noticeable 
departure from the described nature and behaviour of the material in 
the process of preparation was regularly observed. This concerns the 
final stage of the process. Seitz filtration of the watery extract is rapid 
according to Swingle and Pfiffner, and the pH of the finished product 
about 5. Our experience is to the contrary, Seitz filtration being slow 
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(1-1| hours) and not always complete, and the pH of the final extract 
about 6*8 (quinhydrone electrode). From Dr Pfiffner [1932] we learn 
that the pH of the distilled water in Prof. Swingle’s laboratory is 
between 6*2 and 6*6. The water used in this laboratory has a pH value in 
the region of 7. Adjusting the pH of the water used in this final stage 
made no difference in the rate of filtration until a pH of 5 was reached. 
It then became rapid. Extracts prepared from glands placed on ice 
within 20 min. of death of the animals had a pH value in no way different 
from that obtained from glands in the cooling of which there was long 
delay, nor was the pH different in extracts prepared from glands kept one 
night in the refrigerator. Further, repeated estimation of the lactic acid 
content of fresh gland tissue and of a sample from the same gland after 
24 hours in the refrigerator showed no accumulation of lactic acid. 

Decided alkalinity to which two extracts were subjected did not 
destroy their potency. In these instances alkali was acquired from per- 
mutit which had not been washed free of the NaOH used in cleansing it. 
After neutralizing the alkali, the administration of these extracts to a 
cat suffering a severe degree of adrenal insufficiency had a distinctly 
beneficial effect (see Fig. 1, Cat 6, Part II). 

The adrenaline content of typical extracts, as judged by the effect on 
the blood-pressure of both the decerebrate and decapitate cat, showed a 
pressor effect equivalent to a concentration of 1 part in 1-2 million. No 
extract was found to give the biuret reaction. 

The subcutaneous injection of 0-5 c.c. of extract of beef adrenal cortex 
into adult albino mice, of 0-1 c.c. into young, 6~8 g. mice, or of 10 c.c, 
intraperitoneally in cats produced no untoward results. The intraperitoneal 
injection of 1 c.c. extract into young 25 g. rats caused severe reactions in 
the few experiments in which thLs method of administration was tried. 
These reactions appeared within 1-2 min. of injection and were char¬ 
acterized by extreme prostration and rapid breathing. Recovery took place 
slowly over 2-4 hours and was alw'ays complete. Young mice receiving 
0*1 c.c. intraperitoneally reacted similarly though not so severely. 

Histamine was apparently the causative agent of these toxic symp¬ 
toms as tests of the extract by Dale’s method [Burn, 1928] seem to 
show. The intravenous injection of 0-3 c.c. of the extract into a cat under 
ether caused a slight rise in blood-pressure followed by a fall. After 
exposure of some extract to an equal amount of 2N NaOH for an hour, 
to destroy the adrenaline, and neutralization by 2N HCl, the injection 
of 0*9 c.c. gave a fall in blood-pressure only, which was roughly the 
equivalent of the fall produced by 0*3 c.c. of 1/40,000 histamine. 

27—2 
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(ii) Effect of beef extracts on the survival of adremlectomized cats. 

The criteria used for testing the potency of the extracts prepared 
were: (1) effectiveness in prolonging the life of adrenalectomized cats 
beyond the ordinary limit of survival (11 days average, limit 31 days, 
Stewart and Rogoff [1929]; 7-7 days average, limit 16 days, Swingle 
and Pf if f ner [1931 a]; (2) ability to restore to their normal strength cats 
suffering from severe prostration; (3) influence on symptoms of adrenal 
insufficiency, e,g, loss of appetite and weight, anorexia, vomiting, weak¬ 
ness and, in chronic cases, loss of hair. 

Five cats adrenalectomized by the lumbar route, with an interval of 
at least 5 days between removal of the two glands, form the basis of our 
tests of the efficacy of extract of beef adrenal cortex. Of these one died 
at 11 days, a large wall abscess being found post-mortem. One died on 
the 45th day and another on the 57th day, both of them in spite of 
treatment. The remaining two died on the 62nd and 35th day, 6 and 5 
days respectively after treatment was stopped. The lives of three other 
cats were prolonged by the use of the extract (Part II). Proof of the 
activity of the extracts by bringing about revival of cats prostrate from 
adrenal insufficiency is illustrated in cat No. 6. 

Abbreviated Protocols, 

Cat 1. 

Second adrenal removed August 12. Weight 3*1 kg. 

During the following 28 days received a daily average of 1-26 c.c. standard extract per 
day and lost weight steadily. 

September 7. Weight 2*75 kg., appetite poor. More extract available, so received 3 c.c. 
a day subsequently and for 10 days appeared better and lost no weight. Caught cold 
September 17. In a week declined to 2-4 kg., hair fell out and appetite poor again. Purulent 
nasal discharge marked on September 24. Condition became progressively worse, weak¬ 
ness of limbs evident on October 6, cat prostrate on 7th, died next morning in spite of 
20 c.c. extract in last 3 days. Weight 2*07 kg. Adrenalectomized life 57 days. 

Autopsy, Foul, thick, yellow pus throughout nares and accessory sinuses. No accessory 
cortical tissue. 

Cat 2, 

Second gland removed August 14. Weight 2*3 kg. 

During the following 19 days received a daily average of 1*5 c.c. extract, and gained 
weight. 

September 2. Weight 2*37 kg. Condition good. 

Dose same and weight same up to September 23; 6 days then of refiltered extract; 
lost 0-18 kg. weight over 3 days at end of that time but regained to 2-27 kg. on good 
extract. Extract stopped October 9. Normal for 4 days, then refused fish, vomited, 
appeared drowsy. Next day weak on hindlegs. 
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October 15» 8 a.m. Lying prostrate, convulsions, dead 8.45 a.m. Adrenaleotomized 
life 62 days. 

Autopsy» Negative. No accessory cortical tissue. 

Cat 3. 

Second gland removed September 1. Weight 2*25 kg. 

Dressing came off wound 1 hour after operation. Appeared bright and well for 6 days; 
on 7th refused food, began to lose weight and died in spite of daily 2-2*5 c.c. extract. 
Dead 11th day. 

Autopsy, Wall abscess. 

Cat 4. 

Second gland removed September 15. Weight 3*31 kg. 

This animal was always sulky and easily frightened. Appetite always poor. Lost 
weight over first 28 days on 3 c.c. standard extract a day. 

October 14. Weight 2*7 kg. Hair coming out. Dose raised to 6 c.c. a day. No improve¬ 
ment. 

October 23. Weight 2*55 kg. Has eaten nothing in 4 days. 

October 27. Sneezing and slight nasal discharge. 

October 31. Dead. Weight 2*3 kg. Adrenaleotomized life 45 days. 

Autopsy. Stomach contains bile; several ulcers near pylorus. No accessory tissue. 

Cat 5. 

Second gland removed October 23. Weight 3*05 kg. Apathetic few days after operation. 
Swelling in region of wound; opened and lot of pus drained. 

November 3. Weight 2*6 kg. Appetite better and cat more vigorous. Infection almost 
completely cleared up by November 5. Dose during this time 4-5 c.c. per day. 

November 8. Weight 2*5 kg. Extract No. 24 (Mod. Ext.) administered for 10 days, 
4 c.c. on 6th and 7th, 2 c.c, a day after. 

November 16. Weight 2*41 kg. Daily dose 2 c.c. standard extract administered for 
a week. 

November 22. Weight 2*47 kg. Extract stopped. Cat well and appetite good. 

November 26. Vomited a little. No other obvious sign of insufficiency, 

November 27. Found dead. Adrenalectomized life 35 days. 

Autopsy. Stomach: extensive multiple ulceration at pyloric end and considerable 
cxtravasated blood. 

Ileum: ulcer, 1 cm. in diameter half way down. No accessory cortical tissue. 

See Fig. 1, Cat 6, in Part II for demonstration of revival from prostration. 

It is apparent from the consideration of the protocol of cat 1 that 
1-26 c.c. extract per day was insufficient to maintain good health. At 
this time difficulty was experienced in securing an adequate supply of 
glands, and by the time this was remedied the cat’s condition had de¬ 
clined and the upper respiratory passages had become infected so that 
increased dosage was without effect. Although the amount of extract 
administered to cat 2 was little more, this animal did well. It was, 
however, a smaller animal. We are at a loss to explain the failure of 
cat 4 to do well, because no other animal has failed to respond to treat¬ 
ment with extract of beef adrenal provided severe wound infection had 
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not become established, as in cat 3. The failure of this animal to become 
accommodated to laboratory life may have been responsible, at least in 
part, for the unfavourable result. Cat 5 illustrates that infection can be 
overcome in adrenalectomized cats, by ordinary surgical measures, such 
as drainage, combined with increase in dosage of extract. The adminis¬ 
tration of smaller amounts of extract, 2 c.c. a day for comparative 
reasons, was compatible with life and health but was not accompanied 
by much gain in weight. 

Further demonstration of the eflSciency of extracts prepared in the 
laboratory is found in the restoration of strength in cat 6 by 8*6 c.c. of 
standard extract. This procedure was repeated on a subsequent occasion, 
15 c.c. being used. This recovery was effected with one of the extracts 
mentioned as having been subject to extreme alkalinity. 

Extract 24 prepared by the modified process of extraction does not 
appear to have been quite as active as ordinary stock extracts, since the 
weight of cat 5 declined while receiving this and rose subsequently on 
similar amounts of stock extract. The result is suggestive only that this 
method is no improvement on the original. 

Whether the adjusting of the pH of the water to facilitate Seitz 
filtration improves the yield of active extract, we are not prepared to 
say, for there are not sufficient compdrative data to decide the point. 
Our impression is that this procedure docs improve the yield. 

Discussion. 

The very large amount of cortical tissue represented by the volume of 
extract necessary to maintain adrenalectomized animals in health has 
been remarked on by Britton and Silvette[1931] and others. Swingle 
and Pfiffner [1931 a\ used 3 c.c. (corresponding to 150 g. moist gland) a 
day to maintain cats in good condition, though they say that this was by 
no means a minimal dose. More recent work indicates that 1/4 c.c, per kg. 
of body weight per day is the minimum maintenance dose for dogs 
weighing 10-15 kg. [Harr op, Pf if fner,Weinstein and Swingle, 1931]. 
In our experience 2 c.c. per cat per day is the lowest dose that has been 
used to maintain animals in good condition for any length of time. 
Since substantial evidence of the activity of the extracts only was desired 
and not accurate data as to their strength, further tests in this direction 
were not attempted. But it would appear that our extracts are not as 
potent as Swingle and Pfiffner’s. This can only be attributed to the 
failure to have the glands cooled immediately on removal from the 
animals and is in accord with Britton and Silvette’s experience. 
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Since adrenal cortical extract is being used clinically in Addison’s 
disease and certain cases have failed to respond [Bcnham, Fisher and 
Thurgar, 1932; Levy Simpson, 1932], it is perhaps well to make 
reference to the published account of the comparative assay test of the 
commercial material. Of six cats treated with this extract [Wilson, 
1931], two died of infections and one suddenly on the 16th day; these 
may be disregarded. The daily dose used in maintaining the remaining 
three cats for 30 days was 4 and 6 c.c.; presumably the gland equivalent 
was 50 g. to 1 c.c. The animals died in 3,4, and 6 days after discontinuing 
injections of the extract, which is somewhat soon for well-treated cats. 
One can only conclude that the extracts contained only a fraction of the 
potency of Swingle and Pfiffner’s original extract. 

The demonstration of histamine in the extracts prepared by us leads 
us to believe that the severe reactions noted by Benham, Fisher and 
Thurgar were due to this. Commercial extract tested by us also con¬ 
tained histamine. 


Part II. 

Effect of extracts of elasmobranch interrenal body 
on adrenalectomized cats. 

In view of the fact that endocrine gland products, such as adrenaline 
and insulin, obtained from as widely divergent sources as fish and 
mammals, show a remarkable specificity of action, it was thought that 
extracts of the elasmobranch interrenal body might exhibit the life¬ 
prolonging influence on the adrenalectomized cat that is shown by 
extracts of beef adrenal cortex. 

Balfour in his monograph [1878] introduced the term ‘‘interrenal 
body*’ for the mass of lipoid tissue which is said to be homologous with 
the adrenal cortex of higher forms, e.g. Sharpey-Schafer [1924]. This 
“rod-shaped structure, paired in the rays” [Vincent, 1924] lies loosely 
attached to the posterior part of the kidney, separate from the segment- 
ally arranged chromophile bodies. In consequence of this isolation the 
difiiculty of getting rid of adrenaline in the preparation of extracts is 
not encountered as in beef gland extracts. 

The fact that a large number of skate {Raja clamta) are daily brought 
to the Aberdeen fish market, made an attempt on this problem possible. 

(i) Material. 

The fish, gutted, except for the kidneys and adherent interrenal 
body, are removed from their ice packing on the trawler and landed 
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each morning at the fish market. There the kidney with the interrenal 
body was dissected out within 2 hours of landing. When as much as 
possible of this material had been collected it was brought to the laboratory 
and the interrenal bodies cut off with scissors and mixed immediately 
with the extraction fluid. Glands from fish of less than 2 ft. maximum 
breadth were so small as to be almost useless, but fish of 4-6 ft. wing tip 
measurement weighing upwards of a hundredweight, yielded about 6 g. 
of interrenal tissue. 

(ii) Methods of preparation of extracts of interrenal body. 

Method 1. Batch 1. The glands (52 g.) were cut finely with scissors, 
treated with acetone and placed in the refrigerator. The acetone was 
changed several times over a period of 4 days, 900 c.c. in all being used. 
The lemon-yellow acetone solution was filtered through a coarse paper, 
and distilled under reduced pressure at 45° C. to a volume of about 25 c.c. 
At this point 30 c.c. of distilled water of pH 5 were added, and the 
acetone further removed by distillation till a volume of 30 c.c. remained. 
When decanted from the distilling flask the watery solution had an 
orange supernatant layer. The flask was washed with 20 c.c. of water 
and the material now in 50 c.c. put through a Seitz filter. 

Methods, Batches 2-6. The Swingle and Pfiffner technique for 
the preparation of adrenal cortical extracts from beef glands has also 
been applied in the extraction of interrenal bodies. 

Glands collected daily and weighed were ground in a mortar with 
2*5-3 c.c. of 96 p.c. alcohol per g., and when a sufficient amount of 
material had been collected, over a period of 1-3 weeks, the alcoholic 
extraction fluid was removed from the combined lots of tissue. This was 
then pressed out, ground in a fine mincer and extracted for 2 or 3 days 
with 80 p.c. alcohol, 2 c.c. per g. This solution was then drawn off 
and the tissue pressed out. Each alcoholic solution was concentrated 
separately under reduced pressure at 45° to l/16th of its original volume 
and the customary benzene and acetone extractions performed. Dis¬ 
tribution between alcohol and petroleum ether was performed two or 
three times only, and the alcohol fractions washed with petroleum ether 
only once or twice. The material at each stage resembled outwardly that 
obtained from beef adrenals, with the exception of the acetone-soluble 
residue. This was syrupy as contrasted with the friable solid obtained 
from the beef glands at the same stage. 

Method 3. Batch 7. Glands were collected over a period of 4 weeks. 
Each day s lot was ground in a mortar with 2*5 volumes of 96 p.c. 
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alcohol, and at the end of 10 days or 2 weeks the alcoholic extraction 
fluid was removed from the combined tissue which was pressed out and 
ground in a mincer. The tissue was then extracted repeatedly with 
ether, and the residue, after distillation of the alcohol under reduced 
pressure, similarly extracted with ether. The murky yellow ether 
solution was centrifuged to get rid of some suspended solids, and dis¬ 
tilled under reduced pressure. The resulting brown syrupy residue was 
extracted for 7 hours with 500 c.c. of acetone in the refrigerator and 
similarly with a fresh 600 c.c. portion of acetone for another 15 hours. 
The residue, now less sticky, was transferred to a mortar and rubbed up 
with five 100 c.c. portions of ice-cold acetone. The acetone solutions 
were combined and distilled under reduced pressure at 45° C. The dark 
brown S 5 rrupy residue (about 20 c.c.) was taken up in 74 c.c. of 96 p.c. 
alcohol and 30 c.c. of petroleum ether and transferred to a separatory 
funnel. 26 c.c. of water were added. A second and a third distribution 
were performed with the petroleum ether and three washings of the 
alcoholic phases done with 30 c.c. portions of petroleum ether. The 
70 p.c. alcohol solutions were then distilled under reduced pressure and 
by the aid of small portions of absolute alcohol reduced to a volume of 
about 25 c.c. The addition of 25 c.c. of water caused the brown solution 
to turn a milky orange colour, a lot of orange-coloured solid adhering to 
side of flask. This milky solution was decanted and made up to 40 c.c. 
All the latter operations were conducted in alcohol-washed vessels since, 
as a Seitz filter was not being used, it was desirable to have the extract 
as sterile as possible. Finally, the extract was put in a sterilized bottle 
and in this suspension form used for injection. 

Sujnmary of interrenal body extracts. 

Method 1. Batch 1. f)2 g. 1 c.c. extract = 1 g. tissue. 

Method 2. Batch 2. 333 g. 1 c.c. extracted g. tissue. Passed through alkaline permutit. 

No others put through permutit. Filtered through Seitz. 

Batch 3. 331 g. 1 c.c. extract=6 g. 

Batch 4. 163 g. 1 c.c. extract=4 g. No Seitz filtration. 

Batch 5. 635 g. 1 c.c. extract = 13 g. Seitz filtered. 

Batch 6. 222 g. 1 c.c. extract = 10 g. Seitz filtered. 

Method 3. Batch 7. 677 g. 1 c.c. extract = 16*5 g. No Seitz filtration. 

(iii) Effects of extracts of interrenal body. 

In endeavouring to decide whether extracts of elasmobranch inter¬ 
renal body exert a beneficial influence on the survival of the adrenal- 
ectomized cat it has not been possible, owing to the limited supply of 
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interrenal tissue, to employ in full the criteria used with the beef cortical 
extract. Determination of its effect on the duration of survival of the 
animal has not been attempted, neither has the extract been administered 
to animals during the period immediately following adrenalectomy when 
the risk of death through causes other than adrenal insuflSiciency is high. 
During this doubtful period beef adrenal extract has been given and its 
administration continued until the condition of the animal showed that 
this risk of post-operative death was diminished. 

Beef extract has been used also, to restore animals suffering from 
severe adrenal insufficiency to a state of health permitting their use for 
testing other interrenal extracts. 

Judgment of activity of interrenal extracts, then, has been based on 
the ability of this material: (i) to prevent the appearance of symptoms of 
adrenal insufficiency, (ii) to ameliorate the symptoms. Three adrenal- 
ectomized cats treated with beef extract as a preliminary have, after 
the withdrawal of this extract, been injected with interrenal extract. In 
each case symptoms of adrenal insufficiency have appeared within 2 weeks 
of cessation of the beef extract, as might be expected in the absence of 
interrenal extract administration. 

The results of experiments are described below in the charts of 
Figs. 1-3. In these beef cortical extract is designated b.c.e. ; interrenal 
body extract i.r.b., with number denoting preparation, e.g. from Batch 3 
—l.ll.B. 3. 

These results show that in cat 6, extract of interrenal body, the 
equivalent of 20 g. of tissue, administered over 2 days, did not ameliorate 
the symptoms of severe adrenal insufficiency. When on the verge of 
death this animal was revived with beef cortical extract, but the sub¬ 
sequent administration of extract of interrenal body (the equivalent of 
90 g. of tissue over 6 days) did not prevent the development of marked 
symptoms. On again administering beef cortical extract the cat regained 
its strength. Finally, administration of interrenal extract, the equivalent 
of 158 g. of tissue during 7 days did not prevent the development of 
severe symptoms, which terminated fatally in spite of increase in dosage. 

The same general result was obtained in cat 7. Here, however, 
adrenaline was added to the interrenal extract to make it more like beef 
cortical extract. Nevertheless, the cat died in 14 days after withdrawal 
of the beef cortical extract and the adrenaline did not seem to improve 
matters. The poor appetite and the weakness on the 17th were probably 
not due to adrenal insufficiency since the temperature remained normal. 
It will be observed that liver was fed to this animal, and it is possible. 



Beef cortical extract i.r.b.j b.c.e. i.b.b.. Beef cortical extract 1.B.B.4 Total of 158 g. 
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1. Shows the body weight on the days indicated on the abscissa. The vertical continuous lines represent injections of 
beef cortical extract and the broken ones, of intcrrenal extract. The amounts of extract administered are represented by 
the figures at the top of the vertical lines. Abbreviations: b.c.e. Beef cortical extract; i.b.b. Interrenal body extract. 
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as has been noticed by Hartman, that this aggravates the symptoms 
of adrenal lack. The animal was comatose when beef extract was finally 
given, and did not recover. We have other reasons for believing that this 
particular beef extract was of inferior activity, and believe that our 
ordinary extracts would have restored the cat, even at this late stage. 


Beof cortical extract i.R.B.e totalling 526 g. 



2nd gland removed Time in days 

Cat 7. 

Fig. 2. Shows the body weight on the days indicated on the abscissa. The vertical 
continuous lines represent injections of beef cortical extract and the broken ones, 
of interronal extract. The amounts of extract administered are represented by the 
figures at the top of the vertical lines. On the days marked “A” 1/500,000 adrenaline 
solution was injected in the doses indicated. Abbreviation as in Fig. 1. 

The results obtained with these two animals are further confirmed by 
those with cat 8. The administration 7 days after withdrawing beef 
cortical extract of 20 c.c. i.r.b. 6, the equivalent of 200 g. of interrenal 
tissue, along with adrenaline over a period of 24 hours, did not improve 
the cat’s condition which had become bad. When 8 c.c. of beef cortical 
extract were now given improvement was distinct within 12 hours, and 
it continued except for a setback due to abscess formation, during the 
3 weeks that this extract was given, the body weight finally rising. Four 
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Cat 8. 

Fig, 3. Shows the body weights on the days indicated on the abscissa. The vertical continuous lines represent injections of 
beef cortical extract and the broken ones, of interrenal extract. The amounts of extract administered are represented by 
the figures at the top of the vertical lines. On days marked “A” 1/500,000 adrenaline solution was injected in the doses 
indicated. Abbreviations as in Fig. 1. 
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days after discontinuing this extract, administration of i.r.b. extract was 
started, a total of 18*6 c.c., the equivalent of 305 g. of interrenal tissue 
being injected over a period of 6 days. This did not prevent the develop¬ 
ment of symptoms of adrenal insufficiency, noticeable by the loss of 
appetite, 9 days after the last injection of beef extract had been given. 
Severe insufficiency on the following day was not counteracted by 
increasing the dose of extract to 12-5 c.c. 


It is apparent from these results that extracts of elasmobranch 
interrenal body contain no appreciable amount of the substance which, 
in extracts of beef adrenal cortex, prevents the appearance of the 
symptoms of adrenal insufficiency in the adrenalectomized cat or removes 
them if already established. 

The explanation for this negative result may be either the absence 
from the interrenal body of the vital factor present in the homologous 
tissue of mammals, or deterioration of the active substance during the 
interval (several days) which elapsed between catching the fish and landing 
it. Although the fish were meanwhile kept on ice, it is possible that any 
active principle would be destroyed. If the interrenal bodies could be 
excised and placed in alcohol at sea, this source of possible error could be 
avoided. The only conclusion permissible from the present investigation 
is that the interrenal body, as removed from fish caught and transported 
to market in the usual way, is devoid of any of the principle present in 
beef adrenal which can greatly prolong the lives of adrenalectomized cats. 

Summary. 

1. Extracts of beef adrenal cortex prepared according to the method 
of Swingle and Pfif fner are shown to be effective in prolonging the 
life of adrenalectomized cats and in reviving cats suffering severe degrees 
of adrenal insufficiency. These extracts have been shown to contain 
histamine in very definite amounts. 

2. Extracts of elasmobranch interrenal body prepared by various 
methods when injected into adrenalectomized cats have exhibited no 
apparent influence either in preventing the development of adrenal in¬ 
sufficiency within the anticipated time, or ameliorating the symptoms 
once these have appeared. 
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DETERIORATION OF FIBRINOGEN AND THROMBIN. 
By J. 0. WAKELIN BARRATT. 

(From the Department of Bacteriologyy Serology and Experimental 
Pathologyy Lister Institute of Preventive Medicine,) 

Accuracy of determination of the time of onset of the coagulation of 
fibrinogen by thrombin in vitro depends upon avoidance of variation of 
technique and conditions of experiment, some of which, such as tempera¬ 
ture, exact measurement of quantities of liquid used, pH of the coagulant 
mixture and degree of stirring, can usually be kept within limits too small 
to be of serious import, while others, such as deterioration of fibrinogen 
and thrombin on keeping, are not readily controlled. It is with the latter 
that the present investigation deals. 

In the experiments about to be described citrated human plasma was 
used as source of fibrinogen (tri-sodium citrate being added in the pro¬ 
portion of 0*15 g. to 0*20 g. per 100 c.c. of blood withdrawn) and snake 
venom (Echis carinatus) as source of thrombin. The coagulation period, 
by which is meant the period of onset of coagulation, is the time after 
mixture of plasma and venom at which fibrin fibrils are first seen under 
dttfk ground illumination, this being capable of determination with much 
greater precision than is the appearance of “setting.’' For dilution of 
plasma and venom solution sterile 0*85 p.c. NaCl solution, with or with¬ 
out the addition of 0*10 p.c. of tri-sodium citrate, was used. 

The stability of venom solution on keeping at 0° C. to 4° C. was first 
examined in the following manner. ^,A 1 in 3000 dilution of venom in 
0-85 p.c. NaCl solution was prepared. From this samples were taken at 
intervals, as required, and were further diluted to 1 in 320,000. In this 
dilution the coagulation period was determined with the aid of freshly 
prepared citrated human plasma, obtained from the same source in all 
experiments. The results are given in Table I: the figures in the third 
column represent the amounts of plasma contained in 1 c.c. of the 
mixture of plasma and venom solution employed for coagulation. These 
experiments, which were carried out at room temperature (17® C. to 
20° C.), show that venom in 1 in 3000 dilution remained unchanged during 
the period of observation, namely 112 days for the first four experiments, 
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in which 48 p.c. of plasma were contained in the mixture of plasma and 
venom used for coagulation, and 600 days for the remaining experiments, 
in which 5 to 7 p.c, of plasma were present. The variations in the period of 


Table I. Influence of age upon venom solution. 


Exp. 

Age of venom 
solution 

Concentration 

of 

Concentration 

of 

Coagulation 

period 

No. 

(days) 

plasma 

venom 

(min.) 

1 

708 

0*48 

1 in 320,000 

5*2 

2 

751 

0*48 

>» 

2*7 

3 

782 

0-48 

»» 

5*2 

4 

820 

0*48 


3-5 

5 

222 

0*05 

1 in 2,560,000 

18 

6 

378 

007 

»» 

18 

7 

708 

006 


29 

8 

751 

0*06 


18 

9 

782 

006 


27 

10 

822 

0*06 

»> 

23 


onset of coagulation given in the last column cannot be regarded as due 
solely to differences in the content of fibrinogen in the plasma, for slight 
changes in the conditions and technique of experiment are difficult to 
avoid in experiments extending over so long a period: the actual dif¬ 
ference in titre of the samples of plasma employed is presumably slight. 


Table 11. Diminution of coagulability of plasma and venom solution on keeping. 



Age of venom 

Concentration 

Concentration 

Coagulation 

Exp. 

solution 

of 

of 

period 

No. 

(days) 

plasma 

venom 

(min.) 

1 

0 

0 48 

1 in 320,000 

3*5 

2 

9 

0-48 


7*75 

3 

18 

0*48 

9f 

9*5 

4 

31 

0*48 

yy 

12*75 

5 

84 

0*48 

yy 

10*25 

6 

0 

0*06 

1 in 2,560,000 

23 

7 

9 

006 


38 

8 

18 

006 


99 

9 

31 

006 


190 


A further series of experiments was now made in order to determine 
the degree of change, if any, occurring on keeping. A sample of citrated 
plasma was prepared and, at the same time, a 1 in 160,000 dilution of 
venom, the coagulation period at room temperature (20° C. to 22° C.) of 
a mixture of the two in equal proportions being then determined. Similar 
determinations were also made with 1 in 8 dilutions of plasma and 
venom solution. The undiluted plasma and 1 in 160,000 venom solution 
were now stored in the cold room, samples being removed from time to 
time in order to observe any change in coagulation. The results, which 
are given in Table II and shown graphically in Fig. 1, afford evidence of 
PH. LXXV. 28 
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deterioration, a progressive increase in the period of onset of coagulation 
being observed, equivalent to a diminution of the content of fibrinogen 
or thrombin or of both. In order to form an estimate of the equivalent 
degree of diminution it is nec^pssary to ascertain the effect on the coagula¬ 
tion period of lowering the amount of fibrinogen and thrombin, present 
in citrated plasma and solution of venom respectively, by dilution with 



Fit?. 1. Curves for experiments in Table II. f)rdinat-es: period of onset of coagulation in 
minutes. Abscissas: age of plasma and venom solution in weeks. 


Table 111. Kffect of ddution of plasma and venom solution. 




Concen¬ 

Coagula¬ 


Concen¬ 

Concen¬ 

Coagula¬ 


Concen¬ 

tration 

tion 


tration 

tration 

tion 

Exp. 

tration of 

of 

jicriod 

Exp. 

of 

of 

period 

No. 

plasma 

venom 

(rain.) 

No. 

plasma 

venom 

(min.) 

1 

048 

1 in 320,000 

3-5 

1 

048 

1 in 320.000 

3-5 

2 

012 

»» 

5-75 

5 

048 

1 in 1,280,000 

10 


0 03 

,, 

8 

6 

048 

1 in 5,120,000 

25 

4 

00075 

ft 

13 

7 

048 

1 in 20,480,000 

84 





8 

048 

1 in 81,920,000 

200 


0-85 p.c. NaCl solution. A series of experiments of this type, made im¬ 
mediately after preparation of plasma and venom solution, is given in 
Table III and the corresponding curves shown in Fig. 2 (in which re¬ 
lative, not actual, concentrations of plasma and venom are indicated on 
the scale of ordinates, the highest concentration being represented by 
256 and successive dilutions by proportionately smaller numbers). By 
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means of these curves the degree of deterioration of fibrinogen and throm¬ 
bin may be indicated. Thus the equivalent titre of fibrinogen in a sample 
of plasma is given on the curve to the left (Exps. 1~4) in Pig. 1 by the 
dilution of plasma corresponding to the coagulation period obtained when 
the sample is added to an equal volume of freshly prepared 1 in 160,000 
venom solution. Similarly the titre of a solution of thrombin is re¬ 
presented on the curve to the right (Eicps. 1, 5-8) by the dilution of 
venom corresponding to the coagulation period obtained when the 



Fig. 2. Curves for experiments in Table III. Ordinates: relative concentration of plasma 
(curve to left) and venom (curve to right). Abscissaj: period of onset of coagulation 
in minutes. 


solution of thrombin is added to an equal volume of freshly prepared 
citrated plasma, in each case fresh plasma and venom solution being 
taken as a standard. In this way the equivalent amounts of fibrinogen 
and thrombin at the end of 84 days in Exp. 5, Table II, were estimated 
to be in each case approximately 1/3-5 of the amounts originally present. 
Further determinations of titre, made at intervals with freshly prepared 
samples of plasma and venom solution giving initial coagulation periods 
(corresponding to Exp. 1, Table III) approximating closely to 3-5 min., 
are given in Table IV. An estimation of the range of concentrations of 
fibrinogen in Exps. 1-4 and 5-10, Table I, on the (incorrect) assumption 
that the values of the coagulation periods are due to variation in the 

28—2 
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content of fibrinogen in the different samples of fresh plasma employed 
would give a ratio of highest to lowest concentration of 1 to about 1/4. 

Both fibrinogen and thrombin deteriorate on keeping. Thrombin, 
however, is stable in relatively high concentration while fibrinogen cannot 
be kept unchanged even for short periods. Complete disappearance of 
fibrinogen was observed in old plasma, but old venom solution always 
retained some coagulative power. The rate of deterioration increases with 
rise of temperature and also with diminution of concentration: it is un¬ 
altered when the extent of the surface of glass with which fibrinogen and 
thrombin are in contact is considerably increased. 

Table IV. Deterioration of fibrinogen and thrombin. 


Material 

Sample 

Age 

Titre reduced to 

Plasma 

A 

9 days 

1/3 

9$ 

B 

21 „ 

1/3 

99 

B 

40 „ 

1/9 

99 

C 

20 months 

0 

99 

D 

20 

0 

Venom 1 in 160,000 

b 

21 days 

1/5 

99 

b 

41 „ 

1/20 

9f 

a 

41 „ 

No reduction 

99 

e 

4 months 

»» 

99 

f 

14 „ 

»» 

99 

g 

25 „ 

9t 


In all experiments the tubes and pipettes employed were sterilized, as 
were also liquids used for dilution. On examination under dark ground 
illumination no bacteria could be recognized in the coagulant mixtures, 
nor were fungi observed, though the latter occasionally appeared in very 
old plasma and venom solution. Attempted culture on serum agar was 
negative. The deterioration of fibrinogen and thrombin on keeping cannot 
therefore be attributed to contamination by bacteria or fungi. 

SUMMAKY, 

1. Thrombin, contained in snake venom, remains unchanged in 
1 in 3000 dilution. In higher dilution progressive deterioration occurs on 
keeping, but not complete disappearance. 

2. Fibrinogen, contained in plasma, undergoes progressive deteriora¬ 
tion on keeping, ultimately completely disappearing. 

3. The deterioration cannot be attributed to the action of bacteria 
or fungi. 

4. The degree of deterioration may be indicated by determining the 
amount of dilution of fresh plasma and venom solution respectively re¬ 
quired to effect a corresponding increase of the coagulation period. 
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THE INFLUENCE OF ELECTROLYTES ON THE 
FUNCTION OF THE INTESTINAL MUCOSA. 

By H, E. MAGEE and K. C. SEN. 

{Bowett Research Institute^ Aberdeen,) 

We have shown that the selective action exerted by the epithelium of 
surviving intestine on sugar solutions placed in the lumen depends on the 
presence of Ca ions in the bathing fluid, so that when segments were 
immersed in Ca-free Tyrode the sugars passed through the intestinal wall 
in accordance with physical laws [Magee and Sen, 1931], The present 
experiments were undertaken as an extension of this work, the objective 
being to determine whether the rate of absorption of glucose is related in 
any way to the level of Ca in the blood of the living animal. The results 
showed that this is so, and further experiments designed to elucidate the 
modus operandi of the Ca ions were then carried out. These took the form 
of observations on the villous movements, and the opportunity was taken 
to study their behaviour towards other ions of physiological importance. 

The absorption experiments were conducted almost entirely on rats 
by the modified Cori method described elsewhere [Magee and Reid, 
1931]. The rats used weighed from 150-250 g. Blood for Ca determina¬ 
tions was obtained when the rats were killed. If, as frequently occurred, 
enough blood for an estimation could not be obtained from a single 
animal, the blood of two or more was pooled. In all the absorption tests 
on rats the volume of the glucose solution (3-4 c.c.), its concentration 
(0*75 M), and the absorption period (30 minutes) were kept constant. 
As a preliminary to experimenting on animals with abnormal blood Ca, 
the coefiicients of absorption (a.c.)^ were determined in a series of normal 
animals, and the mean of these values was used as a standard for com¬ 
parison with the other data obtained. 

The mean a.c. for glucose in 16 normal rats was found to be 0*174 
(Table I, line 1), This figure differs only slightly from that found by 
Magee and Reid, 0*167; a fact which, when considered along with the 
comparatively small standard error, 0*0048, affords good evidence for the 

^ To avoid confusion with the symbol for calcium we have decided to use the letters 
▲.0. rather than o.a. to designate the coefficient. 
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animals used animals Ca* a.c. Variations mg. p.c. 10 20 30 40 60 90 120 

Normal 10 13-9 0 045 0 028-00o7 144 49 87 102 122 147 158 172 

ParathvToidectomized 6 11*2 0*040 0*023—0*052 178 26 50 65 68 79 81 85 

Deficiently fed 4 10*1 0*042 0 205 24 45 57 68 81 97 80 

♦ The means were taken from 12 normal, 8 parathyroidectomized and 8 deficiently fed rabbits. 



ELECTROLYTES ON INTESTINAL MUCOSA 


435 


accuracy of the entire technique. The blood Ca was fairly constant and 
varied only from 9'6“10-6 mg. per 100 c.c. with a mean of 10*5 mg. It is 
well known that the blood Ca of mammals, although it maintains a 
remarkably constant level in health, is raised or lowered in some animals 
by excess or deficiency, respectively, of circulating parathyroid hormone. 
Similar effects are also produced by variations in the vitamin D and/or 
Ca content of the diet. We were not, however, aware of any experiments 
showing the applicability of these results to rats; so that, in the experi¬ 
ments about to be described, the influence of each factor on the blood 
Ca had to be determined. 

Two methods of lowering the blood Ca were adopted, viz. parath 3 nroid- 
ectomy and feeding on diets deficient in Ca and in vitamin D. 

Absorption of glucose by parathyroidectomized rats. 

The parathyroids in rats are embedded in the thyroid; so that, to 
remove the former, complete thyroparathyroidectomy had to be per¬ 
formed. The operation will be referred to for shortness as “parathyroid¬ 
ectomy*’ and the thyroparathjToidectomized animals as “operated.” 
Blunt dissection was found to be more suitable for the complete removal 
of the gland and for controlling bleeding than cutting with sharp instru¬ 
ments. The wounds nearly always healed satisfactorily, sepsis being very 
uncommon. The most suitable time for carrying out absorption tests was 
found to be from 15“30 days aft(?r operation; because experience showed 
that the blood Ca was almost certain to be lowered by 2-4 mg. about two 
weeks after the operation; and because the number of deaths from tetany, 
although fairly frequent up to a month, increased rapidly after this time. 
Tetany w'as particularly liable to occur if an animal struggled unduly 
during the passage of the stomach tube. 

The results (Table I, line 4) give the mean values for the number of 
animals stated in column 3. They show that the a.c. in the operated rats 
was 0*106 compared with 0*174 for the normal animals—a decrease of 
39*7 p.c. The blood Ca was, on the average, about 3 mg. below the 
normal level. This was undoubtedly due to the parathyroidectomy; but 
the decreased A.c. could not be taken as related causally to the subnormal 
blood Ca, until the influence of two possible complicating factors was 
eliminated. The first was, that a condition of hypothyroidism as well as 
one of hypoparathyroidism existed in all the operated rats. Some of these 
animals were given 0*05-0*1 g. dried thyroid per rat daily from the day 
after the operation until the absorption tests were carried out. As the 
A.c. showed no sign of being increased thereby it was concluded that 
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hypothyroidism could be ruled out as a complicating factor. The other 
factor to be considered was a slowing of the circulation rate which might 
conceivably result from the parathyroidectomy. In order to control this 
possible source of error, observations were made on the effect of adding 
a calcium salt to the glucose solution administered to operated animals. 
The real objective of these experiments, however, was to ascertain 
whether the slow rate of absorption in rats with subnormal blood Ca 
could be improved by the presence of Ca ions in the intestinal lumen. 

A concentration of 0*32 p.c. CaClg, which was believed to be roughly 
equivalent to the diffusible Ca in rats’ milk, was incorporated in the 
glucose solution. This figure was arrived at by calculation from the data 
of Magee and Harvey [1926] for cow’s milk, allowance being made for 
the fact that the salt content of the milk of mammals increases in amount 
with the rate of growth of the species. It was obviously essential for 
purposes of comparison to ascertain the effect of tliis concentration of 
CaClg on the absorption of glucose in normal rats. A solution containing 
0-32 p.c. CaClg and 0-76 M glucose was, therefore, administered to normal 
and operated rats and the a.c. of glucose determined. 

The average results are given in Table I, lines 2 and 5. In the normal 
rats the mean a.c. was 0*139, i.e, a depression of almost 23 p.c. as com¬ 
pared with the value for the controls, 0*174. In the operated rats, on the 
other hand, the mean a.c. was 0*174, which is identical with the value 
found in the controls. When, however, this a.c. is compared with the 
mean for the operated animals which were fed on glucose only, 0*106, it is 
seen that the rate of absorption was raised by 39*7 p.c. as a result of the 
addition of 0*32 p.c. CaClg. 

These results suggest that the Ca ion exerts an apparently specific 
effect on glucose absorption, which can be brought about either from the 
intestinal capillaries or from the lumen. The blood Ca in all the operated 
rats was distinctly subnormal; and it has been seen that, when Ca ions 
were not administered along with the glucose to these animals absorption 
of the sugar was depressed, whereas when Ca ions were present in the 
glucose solution, absorption proceeded at the normal rate. It would 
therefore seem that the Ca ions, operating in the lumen, were able to 
counteract the defective absorbing powers of the intestinal epithelium 
which resulted from the deficiency of Ca ions in the circulating blood. 

The above findings also suggest that, if glucose absorption is to pro¬ 
ceed at an optimal rate, there must be an optimal concentration of Ca 
ions in the blood and/or in the intestinal lumen. The question as to the 
optimum for the blood is dealt with below; and, as regards the lumen. 
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it is clear from the inhibitory effect of 0*32 p.c. CaClg in normal rats that 
the optimum is at a lower concentration than this. As a step towards the 
settlement of this matter the effect of incorporating ()-02 p.c. CaClg in the 
glucose solution on the absorption of the sugar was tested. This con¬ 
centration of CaCl^ is identical with that present in Tyrode’s solution. 

The results are given in Table I, line 3, and they show that the average 
A.c. was 0-208, i.e, an increase of 19-5 p.c. over that of the controls 
(0-174). It is clear from these data that the presence of Ca ions in the 
intestinal lumen is necessary for optimal absorption of glucose to proceed. 

The foregoing results raise the interesting question as to the cause of 
disordered nutrition observed in animals fed on diets deficient in Ca or in 
the factors which control its absorption. It may be that the condition 
is due ultimately to failure to absorb adequate amounts of constructive 
and energy-giving materials rather than to disorganized metabolism of 
them after absorption. If this conception is true the low blood Ca in such 
animals may probably be regarded as the primary manifestation of the 
defective nutrition. 

Glucose absorption in rats previously fed on a diet 
poor in Ca and in vitamin D, 

A group of rats was placed on a diet of equal parts of barley and wheat 
grains plus distilled water. After 30 days the a.c. and blood Ca of two 
rats were determined. The blood Ca was not appreciably affected and the 
A.c.’s were slightly above the range for normal rats (Table I, lines 6-8). 
Three w eeks later five more rats were tested. Again, the blood Ca showed 
no clear evidence of a fall and, although the a.c. was lower by about 
6 p.c. than the normal value (0-164 as compared with 0-174), the dif¬ 
ference cannot be regarded as significant. The results also gave the im¬ 
pression that it is not possible in rats to induce a marked fall in blood Ca 
by a diet of this type, without reducing the animals to an extreme state 
of malnutrition, which would itself introduce other complications. The 
prosecution of this line of enquiry was, therefore, dropped. 

Effects of hypervitaminosis-D and of parathormone 
on glucose absorption. 

The objective of these experiments was to determine whether the 
blood Ca of rats could be raised by overdosage with vitamin D or by 
hyperparath 3 rroidism and, if this transpired, whether the rate of glucose 
absorption was thereby accelerated. In addition, it was hoped that the 
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enquiry would give some information on the matter of the optimal blood 
Ca level for absorption of glucose. 

A group of rats was fed on a diet complete in all known constituents 
plus two drops of radiostol per day administered to each rat by means of 
a pipette. After 18 days, absorption tests were carried out, using 0*75 M 
glucose only. The result (Table II) was an a.c. within the normal range 


Table II. Rats fed on vitamin D in excess. 


Days 

Blood Ca 

A.c. 

Parathormone 

18 

IM 

0155 

0 

20 

no 

0*200 

0*2 c.c. 

20 

9-8 

0*236 

99 

20 

9-7 

0*220 

99 

21 

120 

0*180 


21 

120 

0*228 


21 

11-8 

0*182 


21 

12-4 

0*104 

0*25 c.c. 

25 

100 

0*170 

0 

25 

110 

0*228 

0 

25 

10-0 

0*204 

0 

25 

11-4 

0*184 

0 

25 

no 

0*155 

0 

25 

100 

0*173 

0 

20 

90 

0*210 

0 

20 

9-7 

0*210 

0 

Average 

10-9 

0*194 


Standard error 

— 

0*007 



Inci'ease over normal A.c. (()*174) 11*5 p.c. 

and a blood Ca value very slightly above the normal mean. Fifteen hours 
before the next six tests the rats received subcutaneous injections of 
()-2“()*25 c.c. parathormone, the potency of which had previously been 
demonstrated on a dog. No consistent increase in blood Ca occurred; but 
the A.c.’s were, on the whole, slightly raised. As parathormone appeared 
to be without effect no further injections were given. The findings in the 
remaining animals showed, on the whole, a slight increase in the a.c. as 
compared with the mean for the controls (()‘174) but no consistent raising 
of the blood Ca. The means of all these results gave a value for blood Ca 
(10*9 mg.) slightly, but not significantly higher than the mean for the 
controls (10*5) and an a.c. of 0-194, which is 11-6 p.c. higher than the 
(iontrol average (0-174). This difference was found to be “possibly just 
significant ” statistically, and so is suggestive of a slight increase in the rate 
of absorption. Before any definite conclusion could be given, however, the 
experiments would have to be repeated on animals whose blood Ca is 
known to be raised by parathormone or by vitamin D in excess. Until 
such data are obtained the question as to whether the normal blood Ca 
level is the optimum for glucose absorption cannot be answered. Although 
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the blood Ca was not consistently increased in the above experiments, 
this fact does not necessarily exclude the possibility of increased ab¬ 
sorption of Ca, wliich could be offset by increased deposition in the 
tissues or by increased excretion. The former alternative would seem the 
more probable; for there is abundant evidence to show that vitamin D 
or ultra-violet radiations increase the absorption and retention of Ca. 
Since it has been shown that glucose absorption is promoted by feeding 
simultaneously 0'02 p.c. CaCl 2 , it is conceivable that the acceleration in 
the rate of glucose absorption shown in the present series of experiments 
was due to stimulation of the absorptive activity of the mucosa by the 
passage through it of amounts of Ca above the normal. 

Experiments on rabbits. 

Experiments were carried out on rabbits in order to obtain a more 
accurate picture of the relationship between the blood Ca level and the 
rate of glucose absorption. These animals were selected because on them 
repeated determinations of blood Ca can be readily and accurately carried 
out. The procedure adopted was to determine the course of the systemic 
blood sugar (carotid or jugular) in anaesthetized animals during absorp¬ 
tion of 0-75 M glucose injected into the duodenum, the a.c. being de¬ 
termined when the animals were killed at the end of the experiment. The 
method was almost identical with that used in the experiments of Magee 
and Reid. Rabbits with normal and lowered blood Ca were used, para¬ 
thyroidectomy or a diet of wheat and barley plus distilled water being 
employed to lower the blood Ca. The two parathyroids which lie at a 
variable distance from the thyroid and the two lobes of the latter which 
include the remaining parathyroid tissue, were removed; the isthmus 
being left intact in order to avoid athjToidism. Almost invariably the 
blood Ca was found to have fallen by 2-4 mg. about 30 days after the 
operation. A month to six weeks on the deficient diet generally sufficed 
to cause the blood Ca to fall by 3-4 mg. Only when such a fall had been 
established were absorption experiments performed. These formed two 
series: the first, in which we had the cooperation of Mr F. J. Elliot, B.Sc., 
were done with luminal anaesthesia: the second set with amytal 
anaesthesia. 

The results (Table III, p. 434) were not conclusive, and so will only be 
referred to briefly. The mean a.c. was higher in the normal than in either 
of the other groups, but this finding cannot be taken as more than slightly 
suggestive in view of the wide variations. No more exact valuation can 
be placed on the blood sugar data. These, although they show that the 
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percentage rise was greatest at every interval in the normal animals, were 
vitiated by the fact that the initial blood sugar in the two groups with 
subnormal blood Ca was already considerably raised. The latter animals 
responded so badly to luminal, and especially to amytal, anaesthesia that 
more than half of the experiments begun on them broke down because 
of the poor condition of the animals. These drugs depressed the blood- 
pressure markedly. Even in the successful experiments the blood- 
pressure was rarely much above 50 mm., a level which was considered as 
the minimum essential for the dependability of the experimental findings. 
Although these experiments failed to give any reliable information on the 
problem we set out to solve, they are, we think, worthy of record, in that 
they demonstrate a marked susceptibility to the toxic effect of bar¬ 
biturates in animals with subnormal blood Ca; and, furthermore, because 
they show that the blood Ca of rabbits can be lowered by parathyroid¬ 
ectomy or by Ca-poor diets. 

Action of electrolytes on villous movements^. 

These experiments, in which Mr E. A. Horne, B.Sc., cooperated, 
were carried out according to the technique outlined by Magee and 
Eeid. Cats were employed, some of them being decerebrated in order 
to test the opinion of King and Arnold [1922], that better movements 
are obtained with decerebrate than with anaesthetized animals. Contrary 
to the observations of these workers we found that movements were just 
as good in luminalized as in decerebrate cats. Further, the slow respira¬ 
tory movements of animals desensitized with this drug were found to be 
more conducive to accurate observations than the short rapid movements 
of animals under urethane or ether anaesthesia. 

The effects of electrolytes on the villous movements were studied 
according to three schemes of examination. (1) Modifications of Tyrode’s 
solution were applied to the mucosa and the effects compared with those 
elicited by previous and subsequent applications of normal Tyrode. 
(2) In the same way the effects of isotonic solutions of salts were com¬ 
pared with those of normal Tyrode. (3) Isotonic solutions of salts having 
a common anion or cation were applied successively and the influence of 
separate anions or cations compared. As all the solutions employed were 
practically iso-osmotic, complications due to differences in osmotic pres¬ 
sure could not arise. No observation was recorded until after at least 

^ The biaocular microscope used for these experiments was kindly lent to us by Prof. 
Ritchie, Natural History Department, University of Aberdeen, to whom our best thanks 
are duo. 
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three applications of any solution to the mucosa. As the movements of 
the muscularis mucosae showed little constancy in their response to the 
various solutions only the effects on the pumping movements of the villi 
are recorded. All parts of the small intestine were studied, except the 
upper portion of the duodenum which, in the cat, is fixed to the posterior 
abdominal wall. 

(1) Modifications of Tyrode: comparisons made with Tyrode, 

pH 2-4:~3 0. Stimulation at all levels, often temporary; shrinkage of villi; secretion of 
mucus. 

pH 3*6-4‘6. Indifferent in duodenum; inhibitory in ileum. 
pH 5*6-7*4. Indifferent at all levels. 

pH 9*2-9*6. Inhibition at all levels, but less marked in ileum. 

KCl-free. Indifferent in duodenum; tendency to inhibition in ileum. 

0*06, 01 and 0*2 p.c. KCl. Indifferent at higher levels; tendency to inhibition at lower 
levels. 

CaClj-frcc. Inhibition at all levels. 

0*05 and 0*1 p.c. CaO^. Indifferent at all levels. 

0*2 p.c. CaCIj. Inhibition at all levels. 

N.B. Normal Tyrode contains 0*02 ^.c. KCl and 0 02 p.c. CaCl^ and the pH is 7*4- 7*6, 
which was the pH of all the above solutions unless otherwise stated, “indifferent” means 
that the effect did not differ from that of normal Tyrode, 

(2) Isotonic solutions: comparisons made with Tyrode, 

NaCl. Indifferent at all levels. 

KCl. Indifferent at all levels; slight tendency to stimulation in duodenum. 

MgCljj. Very marked inhibition at all levels and very slow recovery. 

Na 2 Hl *04 4 -NaH 2 p 04 . Marked stimulation at all levels with very big amplitude. 

Na 2 S 04 . Marked stimulation at all, especially at higher, levels. 

FC 8 O 4 . Marked stimulation at all levels; shrinkage; secretion of mucus; discoloration 
due to precipitation of Fe. 

N.B, The pH of the above solutions w'as 6*9-71 except FeS 04 which was 6*5. The 
effects, according to the results under ( 1 ), were not, therefore, due to variations in reaction. 

(3) Isotonic solutions: comparisons of salts with common anion or cation. 

Decrease of motility in order shown ( -indicates same effect). 

KCl, NaCl and CaCJ,. Duodenum—K> Na> Ca. Jejunum and ileum—^K=Na = Ca. 
Na2S04 and F0SO4. All levels—^Na~Fe, but Fe caused marked shrinkage and secretion 
of mucus. 

NaCl, Na 2 S 04 and Na 2 HP 04 + NaH,P 04 . All levels— 1^)4 — 804 > Cl; movements due to 
PO4 more extensive but slower than those due to 8O4. 

N.B. The pH of the solutions was as in (2). 

The stimulation of pumping elicited by Tyrode of pH 2*4-3'0 is note¬ 
worthy, as also the secretion of mucus brought about by this solution 
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and by FeS 04 . The latter was most probably a protective phenomenon 
as Magee and Southgate [1929] have suggested. All parts of the in¬ 
testine were insensitive to changes in pH between 3-6 and 7*4 except the 
ileum where the indifferent range was from 4*6 to 7*4. Markedly alkaline 
reactions 9*2 9*6) caused inhibition generally; but it was less marked 
in the ileum, which, it is interesting to note, is, in life, subjected to more 
alkaline reactions than the duodenum. The duodenal region, on the other 
hand, most probably encounters reactions as acid as any used in these 
experiments [vide McClendon and Medes, 1925]. It will also be seen 
that, whereas the range pH 3-6-4*6 had no characteristic effect on the 
higher levels it caused inhibition in the ileum. 

The observations under the above three headings for NaCl, KCl and 
CaClg appear to be contradictory. Thus, from schemes ( 1 ) and ( 2 ), it would 
appear that KCl was not necessary for movements, and from (3) that it 
was more favourable to movements in the duodenum than CaClg, which 
appeared from ( 1 ) and ( 2 ) to be somewhat more essential for movements 
than NaCl or KCl. These varying responses were doubtless due to the 
different procedures employed. Thus, in scheme ( 1 ), the effects produced 
could not be attributed entirely to the salt whose concentration was 
altered. They were rather the effect of this change as modified by the 
simultaneous presence of other physiologically active ions. In perhaps a 
similar fashion under scheme ( 2 ) the characteristic action of these salts 
was affected by the previous treatment of the mucosa with Tyrode. It 
is also noteworthy that the observations under ( 1 ), and to a lesser degree 
under ( 2 ), were by far the most difficult to make, because the effects were 
very seldom of a striking nature. 

There is no clear relationship between the effects of Ca on the viUi and 
on absorption. Had the Ca ion, like the PO 4 ion, excited vigorous pump¬ 
ing movements a definite correlation would have been established; but, 
since such an effect was entirely absent, one must conclude that the 
observations on the villous movements throw no light on the manner in 
which Ca ions control absorption of glucose. 

The effects of MgClg were so very striking and so constant that it was 
not considered necessary to study this salt by any other scheme than ( 2 ). 
Pumping was almost at once brought to a complete standstill, and 
recovery afterwards with Tyrode was very slow. 

Equally marked and consistent were the effects of phosphate and 
sulphate. These anions excited by far the most vigorous and lasting 
pumping movements of any solutions we have examined. The most 
striking movements were elicited by the PO 4 ion. These were of very 
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great amplitude and, consequently, were very conspicuous. In the similar 
experiments of Magee and Reid the phosphate solutions employed were 
very weak in comparison, and there is no doubt that the swelling and 
mucous secretion which were noted were due to the hypotonicity. It is 
not improbable that vigorous movements were excited even by these 
weak solutions, although it was impossible to see them owing to the 
covering of mucus. A clearing up of this doubt would provide some in¬ 
sight into the mechanism by which phosphates stimulate absorption of 
glucose, as shown in the experiments of Magee and Reid. 

It was also found by these workers that 0*75 M glucose had a better 
effect on villous motility than any other solution of glucose or of any 
other sugar: a result which suggested an effect specific for glucose. To 
test this point 0-75 M glucose and iso-osmotic NaCl (2*65 p.c.) were com¬ 
pared in this regard. No constant difference between their effects was 
discernible, and it would, therefore, appear that the effect of 0*75 M 
glucose was osmotic and not specific in nature. 

Summary. 

The absorption coefficient for 0-75 M glucose was determined in rats 
under various conditions. The coefficient for pure glucose was 40 p.c. 
lower in parathyroidectomized rats with subnormal blood Ca than in 
normal rats. This depression was completely absent in similar animals 
when the glucose fed contained 0-32 p.c. CaClg. A concentration of 
0*32 p.c. CaClg in the intestine of normal rats depressed by 23 p.c., while 
one of 0-02 p.c. CaClg increased by 20 p.c., the absorption coefficient of 
glucose. A certain concentration of Ca ions in the environment of the 
intestinal epithelium is therefore considered necessary for optimal ab¬ 
sorption of glucose. Prolonged over-feeding of vitamin D and single 
parathormone injections did not significantly increase the blood Ca, and 
absorption of glucose in animals thus treated was only slightly increased. 
Neither the blood Ca nor glucose absorption was appreciably influenced 
by prolonged administration of diets deficient in vitamin D and Ca. 

The influence of electrol}^es on the movements of the intestinal villi 
in the cat was investigated. Tyrode at pH. 2*4-3 excited vigorous move¬ 
ments in all parts of the intestine, while at pH 9*2-9*6 it depressed them. 
Tyrode of intermediate reactions had almost the same effect as normal 
Tyrode. The stimulating influence of ions on villous movements decreased 
in order of the following series: K>Na>Ca>Mg in duodenum, 
K==Na=Ca>Mg in jejunum and ileum; Na=Fe at all levels; 
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PO 4 = SO 4 > Cl at all levels. The effects of K, Na and Ca were modified 
by the presence of the other ions in Tyrode. No relationship could be 
found to exist between the effects of Ca ions on glucose absorption and 
on villous motility. 

The blood-pressure of rabbits with subnormal blood Ca was markedly 
decreased by luminal or amytal anaesthesia. 

We desire to express our thanks to Dr J. P. Tocher for instruction in 
statistical methods, to Prof. J. J. E. Macleod for criticism and to the 
Eli Lilly Co., Indianapolis, U.S.A., for the supply of parathormone and 
amytal used in the research. 
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From the experiments of Lucas [1907-8], Jinnaka and Azuma 
[1922-3], Davis [1922-3] and Watts [1924-5], it appeared that the 
chronaxie of muscle might assume values very different from that of 
the nerve. These results were formerly contested by Lapicque and his 
followers, but as the results of recent experiments made by Lapicque 
and myself, there is complete agreement on the following points: 

(o) In certain circumstances a strength-duration curve can be ob¬ 
tained whose time relations are much longer than that of the nerve. 
This curve is called a (after Lucas). 

(6) The conditions for obtaining a may be secured by using large 
fluid electrodes, especially when the cathode falls at the extremity of 
the muscle. 

(c) Conditions giving rise to an a curve do not necessarily exclude 
an excitability (y) with excitation time (chronaxie) the same as that of 
nerve. Thus the strength-duration curve may be made up of these two 
curves meeting at a kink (see figures in former papers, Rushton [1930, 
1931]). 

With regard to the y curve which obtains in these circumstances I 
have recently [1932 o] attempted to identify the stnicture responsible 
for it with some histological element in the muscle. A very brief summary 
of this and other investigations relating to the present problem is given 
later in this paper, suffice it here to state that various kinds of excita¬ 
bility relations, the effect of curare, and of excision of some of the nerve 
twigs, all unite to indicate that the y curves arise from the direct excita¬ 
tion of the intramuscular nerves. 

This analysis was conducted throughout with large fluid electrodes, 
and the conclusions are not necessarily valid when applied to results 

29 
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with needle or capillary electrodes. But in those circumstances where 
it is possible to obtain an a curve, it appears that the y curve is there 
always due to nerves, and the question next arises as to the identity 
of a. The conclusion that a is due to the excitability of the muscle fibres 
themselves is so obvious that it requires no very detailed discussion, 
but we are still faced with the question as to whether the excitation in 
this case may not be qualitatively of a different kind from that in nerve 
and in muscle when small electrodes are used. 

I am indebted to Prof. Lapicque and to Prof. Adrian for pointing 
out to me two possibilities which bear upon this matter: 

(i) Is the a excitability due to the excitation at the opening of a 
constant current? 

(ii) Is the a excitability associated with the local cathodic con¬ 
tracture and not with the propagated disturbance? 

It will therefore be convenient to consider these various questions 
under separate headings as follows: 

Part I. Identification of the a excitability with the muscle fibres. 

Parts II and III. Examination of the two above-mentioned possi¬ 
bilities. 

This paper concludes the series in which I have attempted to identify 
the a and y substances without the use of drugs, fatigue or other abnormal 
physiological conditions which might alter the chronaxie. In order to 
bring together the results of this study, Part IV of this paper will include 
a summary of the chief experimental results together with such con¬ 
clusions as seem legitimate. Finally in Part V a hypothesis will be 
advanced to accoimt qualitatively for the great effect of electrode size 
upon the excitation time of muscle. 

r Part I. Identification of the a excitability. 

Since the y excitability has been identified with nerve twigs, the 
presumption that the a excitability is muscle is so great that a detailed 
investigation as in the case of the y fibres would be tedious. With hardly 
any new experiments we may summarize certain conclusions from 
former papers. 

(a) The a excitability is found in the nerve-free pelvic end of the 
sartorius, it persists after curare, and has an excitation time (chronaxie) 
10-100 times that of nerve, and therefore it is not nerve or nerve ending. 

(b) The threshold-angle results [1930, 1932 c] show that the a fibres 
run in the direction of the muscle fibres. 
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(c) The muscle fibres contracting to an a stimulus account for practi¬ 
cally all the tension developed by a twitch. 

{d) These muscle fibres are in a normal condition in that they are 
supplied by nerves, are found in all muscles, and in all states of survival 
of the muscle from the intact condition in the spinal animal to the 
equilibrium state after remaining 24 hours in Ringer’s fluid. 

(e) Bremer has shown that in certain circumstances a muscle (frog’s 
gastrocnemius) may exhibit a contraction very different from the familiar 
twitch. This phenomenon, which he calls “ neuro-muscular contracture,” 
is characterized by the fact that the contraction is very slow, the tension 
developed slight and the excitation time of the underlying excitability 
long. He finds in fact that the excitation time is about a hundred times 
as long as that for the motor nerve [Bremer, 1930, p. 315], which is 
just the order of magnitude of the a excitation time. The question there¬ 
fore arises as to whether the a contraction is to be identified with the 
neuro-muscular contracture. 

It has already been shown [Rushton, 1932 a] that the tension time 
of the a contraction is the same as that of the ordinary twitch, whence 
it was concluded that the a contraction was an ordinary one. If this is 
correct a cannot be a neuro-muscular contracture which is much slower 
and weaker [Bremer, 1930, p. 315]. But since it is conceivable that 
Bremer's contracture might have the same tension time as a twitch— 
gaining in duration what it lost in intensity—tension time alone will not 
definitely exclude the identification with the a contraction; for this 
exclusion an isometric a record is required. In a former paper [Rushton, 
1931] it was remarked in a footnote that the isometric twitch was 
identical whether the excitation was through the nerve or the a substance. 
The experimental evidence in support of this statement has not been 
presented and is as follows. 

The sartorius muscle was set up as usual in a trough with fluid elec¬ 
trodes of the “block” type applied to the pelvic end with the anode 
towards the pelvis. The tibial tendon was attached to a rather stiff in¬ 
sensitive tension lever writing on a smoked drum. A strength-duration 
curve was obtained as shown in Fig. 1 plotted in double logarithmic 
coordinates. The curve is obviously composed of y and a portions which 
may be extrapolated as shown with fair accuracy. Five isometric records 
were now taken, when the direct stimulus to the muscle was of strength 
and duration indicated by the triangle, circles and crosses in Fig. 1. 
It is seen that the crosses are above the y threshold but below the a, 
whereas the remainder are above the a threshold but below the y. Fig. 2 

29—2 
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shows the five isometric twitches arising from these stimuli. The ampli¬ 
tude of the tracings was small and Fig. 2 gives the result of measuring 
the records under a lens, scaling to a common maximum and rcplotting. 



Fig. 1. Strength-duration curve of sartorius. Ordinates, current strength in arbitrary 
units scaled in logarithms; abscissae, durations in a scaled in logarithms. 



Fig. 2. Isometric twitches of muscle of Fig. 1. A, Bf C, when stimuli were crosses, circles 
and triangles respectively (Fig. 1). Abscissa*: time in a. Inset: natural period of 
lever with muscle attached. 

The curves from the two stimuli indicated by a cross in Fig. 1 were 
practically identical (A), also the two circles gave nearly coincident 
curves (B), the triangle is represented by C. The natural period of the 
lever with muscle attached is inset. It is seen at a glance that to a first 
approximation the isometric twitch is identical whether elicited through 
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y or a, and it is quite out of the question to suppose that the a con¬ 
traction has the time course of Bremer’s contracture. With regard to 
minor details in Fig. 2 it is seen that the longer the duration of the 
stimulus the later lies the maximum and the relaxation phase of the 
curve. This is easily accounted for by the fact first that the branching 
nerve fibres cause the y stimulus to spread quickly all over the muscle, 
whereas the a excitation is propagated relatively slowly along the muscle 
fibres. Second, that when the duration of the stimulus is long the various 
fibres are not all excited at the same moment. Consider, for instance, 
the strength and duration represented by the triangle (Fig. 1). When 
this current has only lasted 12a the threshold fibres respond, and more 
and more fibres enter over the next 18 a. Clearly this scatter in the 
moments of reaching the threshold will cause just the observed kind of 
modification in the shape of the isometric twitch. 

Thus in spite of the crudeness of the lever employed it may safely 
be concluded that the twitch has the same time course whether elicited 
from an a stimulus or a y one (i.c. through the nerve), and since the 
tension time is also the same, so must be the tension developed. 

The a contraction therefore cannot be the same as Bremer’s neuro¬ 
muscular contracture, since both the time course and the tension de¬ 
veloped are of quite different orders of magnitude. 

We may thus conclude that the a excitability is that of the ordinary 
muscle fibres, that all the muscle fibres exhibit this excitability, and that 
the fibres are in good physiological condition. 

Part II. Is the a curve due to the opening excitation? 

It is classical that a tissue can be excited as the result either of the 
closing or the opening of a constant current. Normally the closing is so 
much more effective than the opening that if threshold currents are 
used, the latter effect does not enter. By using a dense anode, and a 
diffuse cathode however, or by killing the nerve under the cathode, the 
reverse may be the case, and a brief constant current now stimulates at 
the anode as the result of the cessation of the current. The strength- 
duration curve in this case has been investigated by Car dot and 
Laugier [1912], who found a “chronaxie” much longer than normal, 
and Prof. Lapicque was good enough to point out to me that the 
a curve might well be due to this phenomenon. He himself was investi¬ 
gating the question at the time of writing, and in a subsequent paper 
he has stated that the suggestion was not borne out by experiment 
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[Lapicque, L. and M., 1930], but since he does not mention what 
experiments he performed, it may not be superfluous here to describe 
a few which I made at the same time and which confirm his conclusion 
that the a excitation is brought about by the closing not the opening of 
the current. 

My experiments were of six kinds, the first three showing that exci¬ 
tation occurred at the cathode, relying upon the validity of Pfliiger’s 
Law for its application to the present problem, and the second three 
showing directly that excitation was not the result of the cessation of 
the current. 

(i) The effect of temperature. 

The sartorius muscle of the frog was set up as shown in Fig. 3, upon 
the floor of a rectangular bakelite trough; a 1 cm. block was placed 



Fig. 3. Apparatus for warming and cooling anode and cathode with **block*’ electrodes. 
Note channels for hot and cold water in floor below block separated by mica sheet 
from fluid in trough. 

above it near the pelvic end and non-polarizable (Zn-ZnS 04 -Agar-Ringer) 
electrodes arranged so that the current passed under the block, the 
cathode being near the pelvis. The floor of the trough below the block 
was cut away as shown to make two channels. These channels were 
completely separated from the interior of the trough, however, by very 
fine sheets of mica. In this way water at various temperatures could be 
passed through the channels without flowing into the trough, but the 
muscle, l 3 diig on the mica sheet, came intimately into contact (at the 
lower surface at least) with the temperature of the water. It was thus 
easy to warm or cool the anode or cathode independently and observe 
the effect upon the a curve. 

The procedure was as follows. The muscle was set up and allowed to 
rest for an hour. The strength-duration curve was then taken at room 
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temperature (I). Then cold or hot water flowed below the cathode and 
anode as indicated below. 



Cathode 

Anode 

(II) 

Cold 

Cold 

(III) 

Cold 

Hot 

(IV) 

Hot 

Cold 

(V) 

Hot 

Hot 


Finally water at room temperature was passed through both channels 
(VI) as^^a control upon progressive changes. Fig. 4 shows the result of 



Fig. 4. (a) Strength-duration curves at various temperatures of anode and cathode (see 
text). Linear coordinates, (h) Curves of Fig. 4 a replotted in logarithmic coordinates. 


an experiment where the toom temperature was 10® C., and the cold 
and hot water in the channels was at 4® C. and 32® C., though the muscle 
probably did not attain these extremes. The complete set of observations 
took about 2 hours to accomplish, and at the end of that time the 
threshold had risen some 15 p.c.; to minimize the appearance of this 
progressive change in Fig. 4 it is assumed that the change occurred at 
constant rate, and each set of readings is reduced accordingly. Since 
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the temperature variations of threshold which concern us are greater 
than 100 p.c., the above assumption cannot in any case involve great 
error. 

It is seen at once from Fig. 4 that when the cathode is cooled (curves 
II and III) the curve lies below that at room temperature (crosses), no 
matter whether the anode is hot or cold. Similarly when the cathode is 
warm (IV and V) the curve lies above, independent of the temperature of 
the anode. It is thus clear that the cathode is the region which charac¬ 
terizes the a threshold. 

It may be wondered why threshold has been used above as criterion rather than 
excitation time. The latter measure involves an accurate knowledge of the rheobase, 
which in these a curves is an unreliable mciasurement, for the current has often to flow 
for a whole second or more before the contraction occurs, and the resulting polarization 
produces a change of threshold which is irreversible, or but slowly reversible, so that the 
rheobase is the least accurate of all points on the curve, and quite unsuited to take part 
in a characteristic constant. 

Another application of temperature alteration to the present problem 
was as follows. The strength-duration curve for the sartorius was ob¬ 
tained with the same apparatus at room temperature, and then the 
current was reversed, and a second curve obtained. This second curve 
(as usual) showed a y portion, but a was still prominent, and in one 
typical experiment the threshold lay on the a curve at a duration of lOo. 
Thus at 20a the threshold was undoubtedly a, whatever the direction 
of the current. The fluid was then withdrawn from the trough and a few 
drops of hot Ringer’s fluid (40-50° C.) were dripped on to the muscle 
near the pelvic end of the block. Then the withdrawn fluid was replaced 
and the thresholds again determined for both directions of current at 
20ct duration. 

The results were as follows : 

Initial threshold when cathode lay towards pelvis 14-13*5 
,, anode ,, 17-16 

After hot drops : 

Threshold when cathode lay towards pelvis 20-19 
,, anode „ 18-17 

It is clear that the treatment by heat caused no appreciable change 
in threshold when the anode lay towards the pelvis, but caused a marked 
decrease in excitability when the current flowed in the other direction. 
That is to say the excitability was affected by change at the cathode 
but not by change at the anode. 
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(ii) The effect of electrotonus. 

The apparatus was that of Fig. 3, but in this case two additional 
electrodes were added. They were in the form of silver plates chlorinated 
and placed at a distance of 2 or 3 mm. apart close up to the block, both 
on one side or both on the other. When the Ag-AgCl electrodes were 
placed on the pelvic (cathodic) side of the block the polarizing current 
greatly affected the height of contraction resulting from an a stimulus 
sent in through the Zn-ZnS 04 electrodes and localized under the block. 
The a stimulus was first adjusted to give a moderately small twitch 
when the polarizing current was not flowing. Then this current was 
turned on with the anode towards the block, and while the polarization 
continued the a stimulus was again sent in. The contraction now was 
abolished or much reduced. Reversal of the polarizing current on the 
contrary caused a considerable increase in the size of the twitch above 
the initial value. These results were not obtained, however, when the 
an ode of the a stimulus was polarized, for when the polarizing electrodes 
were placed on the tibial side of the block it was foimd that the polarizing 
current had no effect upon the threshold or height of contraction re¬ 
sulting from the a stimulus. We must therefore conclude again that the 
condition of the cathode is responsible for the a excitability. 


(iii) Measurertient of conduction turn. 


The apparatus used for this experiment is that described more fully 
later in this paper (Part III (6)). Suffice it here to say that the sartorius 
muscle was firmly clamped at the middle, and each end was attached 
to a lever writing on a fast-moving smoked drum. The usual block 
electrode was placed over the pelvic end and a duration of stimulus 
used which elicited an a contraction for either direction of current. Since 
the stimulus is applied in all cases to the pelvic third of the muscle the 
pelvic lever will move before the tibial one will, and this difference in 
latent period will obviously be more pronounced when excitation occurs 
at the pelvic end of the block than when the current is reversed and 
excitation occurs nearer the middle of the muscle. 

A typical experiment gave the following results at a temperature of 
20° C.;‘ 

Difference of latent x^oriod 


Cathode towards middle 15*8 <y 

Repeated 16*3 a 

Cathie towards pelvis 25 or 

Repeated 26 or 
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There is no question but that the latent period is greater when the 
cathode is the more eccentric, again showing that the a excitation arises 
from the cathode. 

(iv) A rheohase current. 

Turning now from the polar properties of the a excitation to direct 
temporal considerations, the simplest and perhaps the most convincing 
proof that the a excitation is not an opening excitation lies in the fact 
that the a strength-duration curve may be obtained as a smooth curve 
down to the rheobase, and the rheobase current certainly does not 
stimulate by an “opening excitation,” for the stimulation is obtained 

(a) (1) 




Fig. 5. (a) Circuit for stimulating with a current of the form shown in Fig. 6 6. (6) Rect¬ 
angular current with exponential tail. Ordinates, intensity; abscissas time. 

equally when the current is allowed to flow on indefinitely. In fact I 
have never been able to obtain an opening excitation at all, since before 
the requisite intensity is reached the muscle goes into a prolonged closing 
tetanus which makes further increase of current valueless. 

(v) An exponential finish to the constant current^. 

It is well recognized that the efficacy of a current of given intensity 
is very much reduced if it rise slowly rather than abruptly to its constant 
value. In the same way the efficacy of the opening excitation is greatly 
diminished if the current subside but gradually. By placing a condenser 
(as shown in Fig. 5 a)^ across the second key of the usual strength-duration 

^ I am indebted to Dr Monnier of the Sorbonne (at this time passing through Phila¬ 
delphia) for this elegant method. 

* In a former publication [Rushton, 19326] Fig. 6 contains an error which, however, 
does not affect the text. jKj should obviously be connected not to the extremity of the 
potentiometer, but to the slider, as in Fig. 6 (a) above. 
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apparatus, the current will not cease inamediately upon opening K 29 but 
will decline exponentially as the condenser charges (Fig. 6 b). The effect 
of the condenser will clearly be twofold. In the first place it will cause 
a gradual decline instead of a sudden one, in the second it will cause an 
increase in the total quantity of electricity flowing. 



Fig. 6 . Relation between strength (ordinates) and capacity in microfarads (abscissse) for 
threshold stimulation by a current of the form shown in Fig. 6 h. Duration of constant 
current = 60 , resistance through which condenser discharged=30,000 ohms. 


In view of the first it will cause an opening excitation to be less 
effective; in view of the second it will cause a closing excitation to be 
more effective. We may easily see whether in fact the condenser in¬ 
creases the efficacy or the reverse and hence learn whether the excitation 
is opening or closing. 

From the experiment it at once appeared that the larger the capacity 
the more effective was the stimulus, showing that at all durations (and 
in this case especially the short ones) the a curve involves the closing 
excitation. Fig. 6 shows threshold plotted against capacity for a dura- 
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tion of constant current of 6a; the lowering of threshold with increasing 
capacity is beyond question. 

(vi) As a particular case of the foregoing we may consider the con¬ 
dition when there is zero duration of constant current, i,e. the ordinary 
voltage capacity curve obtained with condensers. As has already been 
published [Rushton, 1931] this curve resembles the a strength-duration 
curve in its long time relations as compared with nerve. There is no 
possibility that in this case we are concerned with the opening excitation 
since the threshold is lower when the stimulus declines more slowly, 
and thus those results confirm all the foregoing. 

From the several kinds of evidence put forward we may certainly 
conclude with Lapicque that his earlier suggestion to account for the 
slow a time relation is not the case, and that the a excitation is elicited 
from the cathode by the processes set in operation at the start, not the 
cessation of a current. 

Part III. Ls the a contraction PRoPACiATEO? 

It is known that the direct excitation of muscle may give rise to two 
kinds of contraction, one propagated and the other localised at the 
cathode (TiegeTs contracture). Prof. Adrian was good enough to point 
out to me the possibility that the y excitability might be correlated with 
the propagated contraction and the a with the contracture. This would 
obviously be a very satisfactory explanation of certain difficulties which 
are involved in reconciling the a phenomena with the views of Lapicq ue. 
The slow contracture would have a slow excitation time, the propagated 
contraction would be isochronous with the similar phenomenon in nerve. 
Unfortunately, however, this is not the solution of the difficulties for 
the a contraction is propagated. To show this I used two well-known 
methods, (a) by recording the thickening of the muscle at a point distant 
from the electrodes, (b) by clamping the muscle in the middle, stimulating 
in one half and noting the shortening of the other half. We proceed to a 
more detailed description. 

(a) Investigation of local thickening. 

The sartorius muscle was set up in a trough as usual and excited by 
the current concentrated below an ebonite block placed over the pelvic 
end of the muscle with the cathode towards the pelvis. The muscle was 
either attached by the tibial end to a light tension lever in the usual way 
(recording total shortening) or else it was looped loosely on the floor of 
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the trough, and over the tibial end rested a light small aluminium plate 
connected by a highly magnifying lever system to a pointer which would 
record by movement any thickening of the muscle under the little plate. 
In some experiments the muscle was tied down between the loop and 
the plate, to avoid any residual mechanical tug from the local con- 



Fig. 7. Strength-duration curves of sartorius clamped in middle plotted logarithmically 
in both scales. Left of each pair of vertical lines represents threshold for pelvic con¬ 
traction, right represents threshold for tibial contraction. Thresholds are identical 
throughout. 

tracture, but the control indicated that there was no such tug. Strength- 
duration curves were obtained using as index either total shortening 
(continuous line, Fig. 7) or tibial thickening (intermittent line), and the 
results show clearly first that an a curve could be obtained equally by 
either method, second that the two curves were almost identical. The 
results are plotted in double logarithmic coordinates for clearness. 
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The slight divergence from identity in the two curves has no significance. The room 
temperature of 33-37° C. at this time made it necessary to conduct the experiment in a 
cooled box at about 16° C. The box had to be opened and the muscle trough withdrawn 
in order to change from one type of lever to the other, and thus a disturbance of tem¬ 
perature equilibrium as well as a difference of resting tension and exact localization of 
the cathode, all contributed to the slight difference observed in the two curves. These 
errors do not enter into the second type of experiment to be described, and here the two 
ourvos are absolutely identical. 


(6) Double lever experiment, 

A special trough was constructed which allowed the sartorius muscle 
to be clamped firmly at its middle, and to have both extremities attached 
to levers. I was not able to clamp the muscle rigidly without damaging 
some of the fibres, but a form of clamp which was found satisfactory 
was formed by a soft rubber strip in the floor, and above the muscle a 
hard rubber block about 3 mm. thick and as wide as the cross-section 
of the trough, having blunt teeth on the lower 
surface (Fig. 8). This was gently lowered on to the 
muscle until it gave a twitch, whereupon the block 
was clamped in that position. The muscle was 
attached to the two levers before clamping, so that 
the two halves of the muscle were at approximately 
the same tension. A 1 cm. block was placed over the 
pelvic portion of the muscle as usual and Ag-AgCI 
plates served as electrodes on either side of it, cathode 
towards pelvis, care being taken that neither block 
nor electrode touched the muscle. A strength-dura¬ 
tion curve was then obtained using as index first the 
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Fig. 8. 


tibial then the pelvic lever, but in practice it was found that both levers 
moved together or not at all in nearly every case. Fig. 9 shows the results of 
one typical experiment, where the strength-duration curve is plotted in 
double logarithmic coordinates; each experimental “point’’ consists of 
two vertical lines representing the thresholds indicated by each lever. The 
experimental error (length of line) is seen to be about 5 p.c., and within 
those limits the threshold is identical for the two levers at all durations. 
There was practically no exception to this in any experiment, the greatest 
observed divergence being one of 10 p.c., where the threshold for tibial 
contraction was consistently higher by this amount. The explanation 
was no doubt that in this particular case the most excitable pelvic fibres 
were crushed at the clamp. If these results are accepted, therefore, it 
shows in a most convincing way that the a contraction is propagated. 
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But the results caunot be accepted until we are satisfied that the move¬ 
ment of the tibial lever was not due just to passive pull under the clamp, 
and the real experiment consists in providing this evidence. In every 
case where the above determinations were made, two or more different 
controls were made as to the firmness of the clamp, and in no case was 
any slipping found to occur with tensions many times greater than those 



developed in these threshold measurements. The controls employed were 
as follows: 

(а) Moving by hand the pelvic lever to far greater amplitudes than 
those actually involved, caused no movement of the tibial lever. The 
movements applied were sudden flicks to resemble the muscle twitch as 
far as possible. 

(б) The muscle was killed with a hot iron applied along a transverse 
line on the tibial half not far from the clamp. A moderately strong 
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pelvic contraction now gave no movement of the tibial lever, though 
the increased rigidity of the killed portion would facilitate the propa¬ 
gation of a mechanical wave. It was finally ascertained that the opacity 
and swelling did not extend as far as the clamp, so that the muscle was 
not clamped more firmly by the process of killing. 

Temperature coefficient of latent period difference. 

The difference in the latent period of the two levers was due to the 
time occupied in the propagation of the contraction or of the passive tug 
from the pelvic to the tibial half. It would be expected that the tem¬ 
perature coefficient of propagation would be high, but that of a passive 
tug would be near unity. The latent period difference was easily measured 
from tracings on a fast-moving smoked drum, and from repetitions at 
various temperatures the temperature coefficient was obtained. Most of 
the observations fell in the region 15-25° C., in which range the Qjq lay 
between 1-5 and 2*3. The error is rather large, but even the lower limit 
is high for the effect of temperature upon a mechanical tug. Moreover, 
though flicking the pelvic lever causes no movement of the tibial one, 
yet often the contraction of the muscle causes equal excursions of the 
two levers, which is very difficult to explain tmless the contraction is 
propagated. 


Dependence of contraction upon local temperature. 

If the two halves of the trough contain fluid at different temperatures, 
the rate of contraction of the pelvic half will be faster the higher the 
pelvic temperature. The rate of contraction of the tibial half on the other 
hand will be faster the higher the tibial temperature only if the contrac¬ 
tion is propagated; clearly if it is due to a slipping at the clamp then it 
will be faster when the pelvic temperature is higher. The tracing (Fig. 10) 
shows clearly that the rate of contraction of the tibial lever is greater 
with higher local temperature but lower pelvic temperature, hence the 
contraction is propagated. 

In view of these several controls, therefore, we may safely conclude 
that the muscle clamp was firm and that movement of the tibial lever 
signified a propagated contraction. This section therefore confirms and 
extends the results of section (a), and since in these experiments at least 
there was no appearance of Tiegel’s contracture below the threshold 
for a propagated wave, it is clear that the a curve is not due to the use 
of this contracture as index of excitation. 
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Tibial half cool 


Pelvic half warm 



Tibial half tvarm 

Pelvic half cool 



Fig. 10. Tracing of contraction of sartorius clamped in middle; read left to right. Each 
pair is a simultaneous record of contractions of two halves of muscle. Tibial above 
shortening upwards, pelvis below shortening downwards. 


Part IV. Conclusions regarding a and y exoitabilities. 

The literature of muscle excitation contains a considerable body of 
work upon the change of muscle chronaxie with drugs, fatigue, etc. In 
the majority of these cases it is not clear whether the tissue actually 
excited is muscle or nerve, or (more misleading still) whether the rheobase 
current excites muscle and one of twdce this intensity at its minimum 
effective duration (i.c. chronaxie point) stimulates nerve, the chronaxie 
in this case being mainly dependent upon the relative accessibility of 
the two tissues to the stimulating current. This confusion, it appeared 
to me, was largely the result of using small “stigmatic” electrodes 
whereby the excitation time of muscle approaches that of nerve so that 
the two excitabilities are almost inevitably confused even when the 
whole strength-duration curve is plotted. In those experiments (un¬ 
fortunately the majority) where the whole curve was not plotted but 
the determinations merely restricted to two points—the rheobase and 
double this intensity—the chronaxie measurement gives very little 
certain information. If observations have been such, for instance, that 
the authors have concluded that the muscle chronaxie has increased, it 
may be alternatively either that the nerve chronaxie has increased, or 
that the rheobase of the nerve has increased more than the muscle 
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rheobase has (or decreased less). But as this- latter type of change is 
very likely to occur as the result of slight shifting of the electrode con¬ 
tacts, drying, etc., and especially if the tissue has to be removed, bathed, 
or manipulated, as is often essential for treatment with drugs, etc., these 
experiments require far more rigid controls than most accounts suggest 
have in fact been employed. 

It was with the object of developing a technique to distinguish muscle 
from nerve, and rheobase change from chronaxie change that I under¬ 
took the investigation described in the series of papers [Rushton, 
1930-2J. The essence of the difierence between this method and that of 
Lapicque was the use of large fluid electrodes, which, as Lucas had 
shown [1907-8J, give a long excitation time to muscle whilst leaving 
that due to nerve brief. Since Lucas’s results had been questioned by 
Lapicque [1926] it was necessary first to confirm them in such a way 
as to meet Lapicque’s criticisms. Next it was important to be able to 
obtain a and y curves alone or combined as required, and finally to 
identify a and y with muscle and nerve respectively in a more conclusive 
manner than had been done hitherto. Nearly all these experiments were 
made upon fresh surviving, undrugged muscles in what is generally 
considered good physiological condition. When for certain controls 
curarized muscles were used, it was left an open question as to whether 
the drug changed the chronaxie or not. The results of these experiments 
may therefore be applied without prejudice to future work upon the 
action of drugs and abnormal conditions. 

Since the various phases of the argument are necessarily rather 
scattered in different numbers of this Journal^ it may not be out of place 
to summarize here the principal steps. 

(i) The presence of two excitabilities was detected as follows: 

{a) The strength-duration curve when free from kinks was of one or 
other of two kinds, either y with an excitation time the same as nerve, 
or a with a much longer excitation time [1930]. 

(6) When the strength-duration curve exhibited a kink, it consisted 
of y at short durations and a at long durations, and the proportion of 
the two could be altered at will [1930]. 

(c) Threshold angle curves showed two excitabilities, one corre¬ 
sponding to fibres parallel to muscle and having a time relations, the 
other corresponding to fibres in quite a different direction (or directions) 
having y time relations and being removed from activity by curare 
[1930, 1932 c]. 

(d) When the strength-duration curve appears to be nearly ex- 
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clusively y, the appearance of a when present may be conclusively 
confirmed by latent period measurements [1931]. 

{e) In such cases also a double contraction arises from a constant 
current, the first due to y excitation, the second to a more than 30(7 
later [1931]. 

(/) Kinks cannot be due to faulty contacts, etc. (cf. criticism by 
Hou [1931] of observations by Kodera [1928]), for in addition to the 
above evidence, results were obtained with four different pendulums, 
and with excitation by condenser discharges, and the kinks varied 
systematically w’ith the position of the electrodes on the tissue [1930, 
1931]. 

(ii) The suggestion that a is due to some abnormal condition of the 
muscle appears to be incorrect on the following grounds: 

(a) An a curve of the usual form was present in spinal animals and 
in excised muscles at various times from excisions till 24 hours later 
[1930]. 

(b) The a substance is in physiological connection with its motor 
nerves [1932 a]. 

(c) The a curve may be elicited from all of a dozen different muscles 
investigated [1931]. 

(d) The a excitation is not due to the cessation of the exciting current 
(opening excitation) [this paper\ 

(e) The a contraction is not a TiegeTs contracture, but is propa¬ 
gated [this paper], 

(/) It is not Bremer’s neuromuscular contracture [this paper], 

(iii) The y excitability obtained with fluid electrodes is due to the 
intramuscular nerves [1932 c], since: 

(а) The y excitability has the same excitation time as nerve. 

(б) The y excitation time is like that of nerve nearly independent of 
electrode size. 

(c) The y substance is in the form of fibres. 

(d) In the sartorius these fibres start their course at the exact place 
where the nerves enter. 

(e) They run in this muscle towards tibia and towards pelvis for 
8 mm. or more. 

(/) In the sartorius they run in many directions, in the sterno- 
cutaneous strip they run in the direction of the nerve twig, and more or 
less perpendicular to the muscle. 

(g) They are absent from the nerve-free pelvic extremity of the 
sartorius. 


30—2 
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(A) When the strength-length curves from the sartorius show more 
than one excitable point, these always correspond to sharp bends in the 
nerves, and are closely correlated with nerve distribution despite the 
great variation from preparation to preparation. 

(t) When the nerve is carefully removed by dissection from the 
surface of the sartorius, the y curve initially very prominent disappears 
entirely from the cleared region. 

(j) The action of curare upon the y excitability is to abolish it com¬ 
pletely by the time the indirect excitation (through the nerve) has failed, 
(iv) The a excitability is due to the muscle fibres themselves^ since: 

{a) The a excitability is found in the pelvic (nerve-free) end of the 
sartorius, it persists after curare, and is due to fibres running in the 
direction of the muscle fibres (threshold angle results) [1930, 1932 c], 

(b) The muscle fibres contracting to an a stimulus account for practi¬ 
cally all the tension time developed by a twitch, and exhibit the same 
time tracing as a twitch [1932 a, and this paper]. 

In view of the experiments summarized above, the object of the 
investigation appears to be achieved, in that it is certainly possible by 
using fluid electrodes to obtain the strength-duration curve either of 
muscle or of intramuscular nerve fibres separately and without fear of 
confusion. This technique therefore avoids all those errors mentioned 
earlier which may invalidate the results when stigmatic electrodes are 
employed. Moreover the fluid electrode is particularly suited to the 
investigation of tissues in various conditions, for not only are errors due 
to drying eliminated, and variations in the exact contact of the electrodes 
excluded, but also these electrodes are better than most for investigations 
involving changes in the fluid bathing the muscle, since the fluid may be 
exchanged or circulated without affecting the contact between electrode 
and muscle. 

An objection to the use of fluid electrodes, however, has been recently 
raised by Lapicque [1931 a, 6], who claims that a strength-duration 
curve obtained in this way does not characterize the condition of the 
muscle as does the curve obtained when one of his forms of electrode is 
used. The original basis of this claim was that all truly characteristic 
curves must fit a certain empirical formula (Lapicque’s Canon), but 
this argument loses its force when it appears [Eushton, 1932 6] that 
Lapicque’s own method as applied to the frog’s sciatic nerve does not 
satisfy the Canon, and that the divergence from the Canon which 
Lapicque’s experiments show is real and not due to inductance errors, 
as he had supposed. 
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In a recent publication, however, Lapicque [1932] has put forward 
in a preliminary account, a theory to explain the “a effect,” a correct 
understanding of which effect will naturally lead to the appreciation of 
the value and limitations of fluid electrodes. It will therefore be better 
to leave further discussion of this matter until a more complete develop¬ 
ment of Lapicque’s theory has appeared. 

In any case, whatever property of the muscle the a excitability 
characterizes, this method of excitation has the very considerable ad¬ 
vantages that muscle is not confused with nerve, and the results are 
accurately reproducible. 


Part V. A physical explanation of the “a phenomenon.” 

Perhaps the most interesting question which arises in connection with 
the a excitability is why the excitation time varies over so wide a range 
depending upon the type of electrode used. Now it may be shown that 
some variation of this kind necessarily follows from the physics of current 
distribution in muscle according to certain widely accepted ideas con¬ 
cerning excitation, but I had not intended to put forward this explana¬ 
tion before obtaining further proof of a quantitative nature. Since, 
however, an alternative hypothesis is being developed by Lapicque it 
seems of value to state here as briefly as possible the essential of the 
other for comparison. 

The hypothesis I wish to put forward rests upon the following 
assumptions : 

(u) A muscle fibre is a cylinder with a conducting core and a rela¬ 
tively resistant and polarizable sheath. 

(b) Excitation results from the cathodal polarization of this sheath, 
which polarization must attain a critical value at some point. 

(c) Ions are concentrated against the sheath owing to the applied 
electric field; the concentration is dissipated owing to the concentration 
gradient and potential gradient developed by the redistribution of ions. 

If the current polarizing a large plane membrane is uniformly dis¬ 
tributed over the whole of its extent (Fig. 11 A), then the motion of 
ions must be entirely perpendicular to the membrane (except near the 
edges where lateral diffusion may occur). If on the contrary the 
polarizing current is greater at one point (P) (Fig. 11 P) than others, 
the motion of ions will no longer be linear, for though the concentrating 
force is still along the normals to the membrane, yet, since the concen¬ 
tration at P is greater than at all other points in the neighbourhood, 
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diffusion will take place in a lateral as well as a normal direction. If 
now we imagine the plane rolled into a cylinder (with axis in the plane 
of the paper) so as to include the arrows, we obtain the condition of 
muscle excitation represented in the foregoing assumptions. The current 
passes through the sheath radially, and the above argument still holds. 
The conclusion is that if the muscle fibre is sufficiently long for the end 
corrections to be negligible, or if the ends of the cylinder are closed, 
then normal back diffusion alone will occur so long as the current leaving 
the sheath is the same at all points. If this polarizing current is localized 
to the neighbourhood of one point (by a stigmatic cathode for instance), 
then a lateral diffusion will be added to the normal back diffusion, and 




Fig. 11. Diagram of electric field forcing ions up against a membrane. Length of arrow 
represents magnitude of force at this point. 

clearly this lateral diffusion will be more prominent the more localized 
the stimulus. 

It remains to show that increase in lateral diffusion causes shortening 
of excitation time. For this argument it will be assumed that the amount 
of polarization developed by a given current in a fixed time is propor¬ 
tional to the intensity of the current. 

This relation, introduced here as an assumption, follows as a necessary consequence of 
the application of linear differential equations to the excitation process. Since linear 
differential equations govern such phenomena as the flow of electricity in capacitative 
networks, continuous media, etc., and also the diffusion of particles and the propagation 
of waves, it would not be surprising to find that they also govern the excitation process 
which is supposed to depend upon these physical manifestations. In fact the theories of 
Nernst, Cremer, Hill, Ebbecke, etc., all express themselves in linear equations, and 
hence the above assumption may be deduced from each of them but is by no means 
limited to any one. 

Let US consider two cases A and B (Fig. 12) where the current 
polarizing the membrane has the same maximum h in each case, but 
where the current falls off laterally much more rapidly in A than in J5. 
Then the development of polarization at points A and B will depend 
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partly upon the polarizing current (the same for each at this point) and 
partly upon the normal and lateral diffusion. At the start, the concen¬ 
tration developed will be insignificant, hence the back diffusion will be 
negligible, and both polarizations will initially develop along the straight 
line OP, Fig. 13. But since lateral diffusion is much more pronounced 
in A than in B, the opposition to the linear increase in concentration 
will develop sooner and more markedly in case A, and curve A (Fig. 13) 
will diverge the sooner from OP and will reach the horizontal at a lower 
level than B. But since it is assumed that the amount of polarization 
produced is proportional to the intensity of the polarizing current, then 




Fig. 12. Diagram of electric field forcing ions up against membrane. Ordinates of curves 
correspond to arrows in Fig. 11, i.r. to magnitude of force at various points along 
the membrane. 

Fig. 13. Diagram of development of polarization in ease A and B. Fig. 12. OP = develop¬ 
ment in absence of back diffusion. Crosses represent excitation times in two coses: 
greater lateral diffusion produces shorter excitation time. 

the curves in Fig. 13 may be interjireted as follows. To produce a given 
threshold polarization, a long-lasting current (rheobase) must be higher 
in case A than in case P, but with currents of very short duration, the 
thresholds will be the same in the two cases. Hence A is relatively easier 
to excite at short durations, B at long durations. But it is known experi¬ 
mentally that tissues with short excitation times are those relatively 
easier to excite by brief currents, and vice irrsa ; consequently, the greater 
the lateral diffusion, as in case A, the shorter the excitation time. 

In view of these considerations we may conclude that the foregoing 
very generally accepted assumptions, without any new hypothesis, neces¬ 
sarily involve that the excitation time from stimulation with stigmatic 
electrodes will be less than from stimulation with large fluid electrodes. 
Whether the difference in the two cases is of the right order of magnitude 
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or not cannot be deduced from this qualitative analysis, but it seems 
worth while before postulating new conditions and mechanisms to see 
how far the foregoing concepts will take us. 

It is interesting to note that lateral diflEusion may explain also, 
qualitatively at least, three other well-known questions in nerve-muscle 
excitation. 

(i) Nernst in his classical development of a Law of Excitation 
assumed that diffusion was only normal to the membrane. This we have 
seen is not in fact the case and lateral diffusion plays a very conspicuous 
part when stigmatic electrodes are employed (as in most of the experi¬ 
ments to test Nernst’s Law). If Nernst’s equation is solved for the 
two dimensional case 

^ a*c ^ 10c 

dx^ ‘ ~~ K dt 

with boundary conditions similar to his, it is found that a strength- 
duration curve is obtained which is not asymptotic to the axis of dura¬ 
tions but which has a finite rheobase, thus removing the most obvious 
and classical of the objections to Nernst’s theory. 

It is not unlikely that Nernst’s neglect of the back e.m.f. of polarization was more 
serious than his neglect of lateral diffusion, but it is interesting to note that a finite 
rheobase may be deduced with no modification of Nernst’s assumptions other than the 
obvious one that the cathode is more intensely polarized than other neighbouring points. 

(ii) It has been known for many years that the excitation time of 
nerve depends upon the distance apart of the electrodes [Cardot and 
Laugier, 1914], and Lapicque [1931 b] recently has claimed that the 
same occurs with muscle excited through fluid electrodes. These obser¬ 
vations are exactly what we should expect from the concept of lateral 
diffusion, for when the electrodes arc close together there must obviously 
be a very rapid falling off in concentration from the critical exciting 
value at the cathode to zero at a point about half-way between the 
electrodes (Fig. 14), whereas the variation will be spread over a much 
greater distance with great interpolar lengths. Consequently in the 
former case there is a great lateral diffusion between anode and cathode 
which causes the excitation time to be shorter with shorter interpolar 
lengths. 

(iii) The behaviour of nerve differs strikingly from that of muscle 
in regard to a change from stigmatic electrodes to fluid ones. Unless 
the present hypothesis is able to account equally for the comparative 
constancy of the nerve excitation time as for the great variability of 
the muscle excitation time, it obviously is inadequate. As a conducting 
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medium for electricity the medullated nerve differs from muscle most 
obviously in that it is surrounded by a thick insulating sheath pierced 
only at relatively long intervals by ‘‘faults”—the nodes of Eanvier. 
The obvious suggestion is that current enters the nerve principally 
through the nodes and stimulates there. But this suggestion, so evident 
on histological grounds, is exactly the condition to explain the different 
behaviour of muscle and nerve with various electrodes, for the lateral 
diffusion in nerve will almost entirely depend upon the size of the node 
and will be comparatively unaffected by the size of the electrode which 
leads the current to the outside of the node. 




Fig. 14. Diagram of electric field forcing ions up against muscle membrane with electrodes 
near together or distant. Curves plotted as in Fig. 12. 

In conclusion: the hypothesis which has been put forward fits quali¬ 
tatively the facts of excitation of muscle and nerve with different kinds 
of electrodes, and this without having to postulate any new concept. 
It moreover admits of quantitative development to cover a very ex¬ 
tensive range of excitability phenomena in a precise and fairly satis¬ 
factory manner (unpublished). It therefore appears that unnecessary 
complication may arise if an entirely new kind of excitation process be 
supposed to exist before evidence arises to show that the generally 
accepted process is inadequate. 

Summary. 

1. Reasons are given for concluding that the a excitability in muscle 
is the excitability of the normal muscle fibres themselves. 

2. The isometric twitch is practically identical whether elicited by 
an a or y stimulus. The rapidity of this a twitch excludes the possibility 
of identifying it with Bremer’s neuro-muscular contracture which is 
very slow. 

3. By several different methods the a excitation is shown to arise 
at the cathode due to the closing (not opening) of a current. 
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4. The a contraction is not a local Tiegel’s contracture but is 
propagated. 

5. The conclusions regarding the a and y excitabilities derived from 
the present and former papers are tabulated. 

6. Finally a hypothesis is put forward to explain qualitatively the 
dependence of muscle excitation time upon the nature of the electrodes 
and the relative independence of nerve. 

It is a pleasure to express my thanks to Prof. Bronk, and my in¬ 
debtedness to the Government Grants Committee of the Royal Society, 
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THE ACTIONS OF ADRENALINE AND OF ACETYL¬ 
CHOLINE ON THE ISOLATED PULMONARY VESSELS 
AND AZYGOS VEIN OF THE DOG. 

By K. J. franklin. 

(From the University Department of Pharmacology, Oxford,) 

The work described in this paper was done at the request of Prof. I. 
de Burgh Daly, and was designed to accompany the investigations 
which have been, and are being, carried out in his laboratory on the 
pulmonary and bronchial vascular systems of the dog in situ [Berry, 
Brailsf ord and Daly, 1931; Berry and Daly, 1931; Daly and Euler, 
1932]. 

Previous work. 

The literature on the reaction of isolated pulmonary vessels to 
adrenaline begins with the work of Meyer [1906], who found that the 
drug contracted the extrapulmonary artery of the ox. Langendorff 
[1907] found contraction in most cases in experiments with extrapul¬ 
monary arteries from the sheep, pig, calf and cat. Neither of these two 
observers gave very full details of his work. Dixon and Halliburton 
[1910] found that the dog’s pulmonary artery contracted with adrenaline 
for a distance of 1*5 cm. from its cardiac origin. The contraction became 
progressively less the farther away from the heart the sections were 
taken. Cow [1911] used the arteries of the sheep and ox for most of his 
experiments, but occasionally human, goat, or rabbit vessels. He does 
not state which species he used for the pulmonary vessels, but gives 
tracings from the rabbit and the sheep. He found that the extrapul¬ 
monary arteries showed progressively less reaction to adrenaline as they 
approached the lung, and that the intrapulmonary arteries were un¬ 
responsive. Campbell [1911] recorded contraction of the pulmonary 
artery of the sheep and of the rabbit, and, in seven out of ten cases, of 
the sheep’s pulmonary vein. Barbour [1912] found an extremely strong 
contraction in two experiments with the main pulmonary artery of the 
rabbit. The extrapulmonary artery of the calf gave in four cases con¬ 
traction, in one no reaction, and in two, where the sections were taken 
from the neighbourhood of the lungs, doubtful dilatation. In four cases 
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(three from the calf, one from the pig) intrapulmonary arteries showed no 
response. Macht [1914] used strips of the pulmonary arteries of pigs, 
oxen, and human beings, these strips being of various sizes and tested at 
various periods of time after death (49 days after death in one case). 
His concentrations of adrenaline varied between 1 :1,000,000 and 
1 :1000. In every case the effect was contraction. Adrenaline produced 
no active dilatation after ergotoxine, Rothlin [1920] found that the 
extrapulmonary arteries of the ox and of the horse responded regularly 
by contraction. The rise to the maximum was rapid and the contraction 
was not long sustained. The intrapulmonary arteries also showed a con¬ 
traction with 1 :2,000,000 and 1 :1,000,000, but it was not great. No 
qualitative change in reaction was produced by varying the concen¬ 
tration of adrenaline, and lengthening never occurred. Waterman 
[1930] worked with isolated veins of the dog and of the cat. In eight 
experiments he obtained contraction, and in the ninth a negative result. 
All the intrapulmonary branches he used gave a contraction. The greatest 
dilution of adrenaline was 1:70,000,000. Wissler finally [1931] re¬ 
corded the results of sixty experiments with arteries from twenty-three 
oxen of varying age. He found that the regular response in the central 
vessels was a contraction. In some peripheral vessels definite dilatation 
resulted. Between these two areas lay an indifferent zone. The circumfer¬ 
ence of the vessels giving contraction was from 9 mm. upwards, that of the 
vessels giving dilatation from 11 mm. downwards. Contractions showed 
a rapid rise to their maximum, and usually disappeared within 5 min. 
The percentage shortening under optimum conditions was up to 5 per cent., 
whereas barium chloride caused a shortening of as much as 20 per cent. 
Some vessels responded to adrenaline 1 : 40,000,000, but the threshold 
was usually between 1 : 20,000,000 and 1 :10,000,000. The reaction as a 
rule increased in degree with increase in concentration, but in some few 
cases, in which the threshold was high, there was no increase in degree. 
There was never any change in sign in the response with increase in 
concentration. The largest dilatation recorded was 7 per cent. Dilata¬ 
tions, in contra-distinction to contractions, were long-lasting, and also 
required in general higher concentrations of the drug (1 :1,000,000) for 
their production. 

The only experiments with acetylcholine on isolated pulmonary 
vessels are those of Waterman [1930]. He found no effect with acetyl¬ 
choline in three experiments on pulmonary veins. On the other hand, 
pilocarpine in three cases gave vaso-constriction, and no effect in two 
others. 
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Method. 

Nine dogs altogether were used, approximately a hundred experiments 
were performed, and about three times this number of applications of 
drugs were made. The dogs were killed with the humane killer of the 
slaughterhouse, so that there was no contamination of the vessels by 
anaesthetics. Ring preparations were used in all experiments (except one), 
and they were suspended in oxygenated Ringer’s solution. The apparatus 
employed was an optical recording one, which is described elsewhere 
[Franklin, 1930], and the movements were magnified x 166 or x 160. 
The acetylcholine employed was the bromide (b.d.h.), and the adrenaline 
the ordinary 1:1000 solution (Parke, Davis and Co.), except in a few 
experiments in which, as a control, crystalline adrenaline (kindly sup¬ 
plied by the same firm) was used. The routine dilutions of acetylcholine 
used were 1 :100,000,000,1 :10,000,000, and 1 :1,000,000; some experi¬ 
ments were made with 1:10,000,000,000 and 1:1,000,000,000, but the 
effects were negative. The routine dilutions of adrenaline used were 
1 :10,000,000 and 1:1,000,000, but 1:100,000 was used in some cases 
when the tissue was old, and also in some of the reversal experiments. 
It was not possible to work with vessels much less than 4 mm. in cir¬ 
cumference, hence the azygos vein was the only representative of the 
bronchial vascular system to be tested. The measurements of the vessels 
were made at room temperature and in general were somewhat less than 
in Ringer’s solution at 37*^ C.; the relaxation on warming was greater in 
the case of the veins than of the arteries. 

Results. 

Adrenaline, The pulmonary aorta gave no effect once with 1:10,000,000, 
the extrapulmonary artery no effect twice with this concentration. Both 
vessels, in one instance each, gave a relaxation with adrenaline. In all 
other cases, i,e. in ten experiments with the aorta and twenty with the 
artery, the effect was a contraction. The highest degree of shortening 
was over 5 p.c. in the case of the aorta (Fig. 1), and over 12 p.c. in the case 
of the artery. The intrapulmonary arteries gave very small and variable 
responses with contraction predominating. The intrapulmonary veins 
also gave very small responses or none at all, and the relaxations balanced 
in number the contractions. The smaller extrapulmonary veins always 
contracted with adrenaline, the large extrapulmonary veins gave con¬ 
traction or no response, never relaxation. The azygos vein responded by 
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contraction in eleven cases, by relaxation in two or three, and showed no 
effect in one or two. 

The pulmonary aorta (Fig. 1), the extrapulmonary artery, large 
extrapulmonary vein (Fig. 2), and azygos vein (Fig. 3), all showed a 



Fig. 1, Fig. 2. 

Fig. 1. Pulmonary aorta ring. Circumference 26 mm. Upper curve normal, lower after 
immersion of ring in ergotoxine ethanesulphonate solution. At arrows adrenaline 
hydrochloride 1 : 100,000. Time-grids minutes. Magnification x 160^. 

Fig. 2. Extrapulmonary vein ring. Circumference 9 mm. Upper curve normal, lower 
after immersion of ring in ergotoxine ethanesulphonate solution. At arrows adrenaline 
hydrochloride 1 : 100,000. Time-grids minutes. Magnification x 160. 


reversal of adrenaline contraction after immersion in ergotoxine ethane¬ 
sulphonate 1 : 50,()()() or 1 : 20,000. 

Acetylcholine. The pulmonary aorta once showed no effect with 
1 : 100,000,000. In all other cases it gave relaxation. The extrapulmonary 
artery invariably relaxed (Fig. 4). The intrapulmonary arteries gave no 

^ Magnification in all figures refers to that shown in the unreduced records. The 
centimetre scales indicate the original size of the records before reduction. 
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response to the drug, while that of the intrapulmonary veins was variable, 
with contraction predominating. The smaller and larger extrapulmonary 
veins showed contraction (Fig. 5), which can be reversed by atropine 
sulphate in a concentration between one and ten times that of the 
acetylcholine (Fig. 6). The azygos vein never relaxed, and in most cases 
showed contraction, though in some the effect of the drug was negative. 



Fig. 3. Azygos vein ring. Circumference 8 mm. Upper curve normal, lower after immersion 
in ergotoxine ethanesulphonate solution. Upper curve (1) adrenaline hydrochloride 
1 : 10,(KX),000, (2) 1 : 1,000,000; lower curve adrenaline hydrochloride 1 : 1,000,000. 
Time-grids minutes. Magnification > 166. 


Fig. 4. Extrapulmonary artery ring. Circumference 16 mm. (1) Adrenaline hydrochloride 
1 ; 1,000,000, (2) Acetylcholine bromide 1 ; 1,000,0(X). Time-grids minutes. Magnifi¬ 
cation X 160. 


Discussion. 


Taken on the whole, then, the extrapulmonary vessels of the pul¬ 
monary vascular system of the dog showed the following remarkable 
features. Both arteries and veins usually contracted with adrenaline, 
while the arteries relaxed and the veins contracted with acetylcholine. 

Increase in concentration of either drug never changed the sign of an 
effect from contraction to relaxation or vice versa. 

All parts of the extrapulmonary system, and also the azygos vein, 
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Fig. 5. Extrapulmonary vein ring. Circumference 8 mm. (3) Acetylcholine bromide 
1:100,000,000, (4) 1 : 10,000,000, (5) 1 : 1,000,000. After replacement of Ringer’s 
solution (1) adrenaline hydrochloride 1:10,000,000, (2) 1; 1,000,000. Time-grids 
minutes. Magnification x 166. 



Fig. 6. Extrapulmonary vein. Circumference 10 mm. (1) Acetylcholine bromide 1; 1,000,000, 
(2) Atropine sulphate 1:100,000. Time-grids minutes. Magnification x 160. 
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gave presumptive evidence, in the ergotoxine reversals of adrenaline 
contractions, of the presence of sympathetic vaso-dilator mechanisms in 
addition to the sympathetic vaso-constrictor ones. Control experiments, 
with crystalline adrenaline proved that the reversals were not due 
to any other component of the stock 1 : 1000 solution (Parke, Davis 
and Co.). 

In the single case in which a ring of pulmonary aorta relaxed with an 
initial dose of adrenahne, the piece was used 25 hours after the death 
of the animal. The isolated case in which relaxation occurred in a ring 
from the artery was similar, though it was from another dog. It was 
conceivable that in these instances the sympathetic vaso-dilators were 
naturally predominant over the constrictors, or that the lapse of time 
since death had affected the dilator endings less than it had the con¬ 
strictor endings. The effect of lapse of time was therefore tested on the 
pulmonary aorta and artery from another dog, but after 50 hours the 
reaction to adrenaline was only changed in degree, and not in sign. This 
result, and Macht’s instance of a contraction 49 days after death, incline 
one to the first alternative, and one may, in view of all the evidence, 
expect occasional dilator effects with adrenaline on isolated pulmonary 
vessels, as the literature tends to prove. 

The azygos vein showed effects which were in general similar to those 
exhibited by the pulmonary veins, but there was a somewhat greater 
tendency to dilatation with adrenaline. 

As adrenaline and, very probably, acetylcholine [Dale, 1929] are 
chemical agents produced in the normal body for the execution of definite 
functions in connection with the autonomic nervous system, it is im¬ 
portant to consider if the concentrations of the two substances used in 
these experiments bear any adequate relation to their physiological 
concentrations. In this connection it may be stated that all the effects 
on the vessels described above have been obtained with 1 : 100,000,000 
acetylcholine, and with 1 : 10,000,000 adrenaline, even if their degree has 
been increased with increase in concentration. Further, smooth muscle 
usually requires, in its isolated m vitro state, a higher concentration of a 
given drug than it does in vii^o. It should also be noted [Hiilse, 1922] 
that the pulmonary vascular system is more likely than the systemic to 
have a higher concentration of adrenaline in the blood passing through it. 
The final decision as to the validity of transferring the results of these 
experiments to one’s conception of the vessels acting in situ must, how¬ 
ever, be left until more precise knowledge exists of the concentrations 
and behaviour of adrenaline and of acetylcholine in the normal body. 

31 
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At all events the amounts used in the present series compare favourably 
with those recorded in the literature. 

One possibility, which is suggested by the action of acetylcholine on 
the extrapulmonary arteries and veins, is that congestion of the lungs, 
like asthma, may be due to excessive action of the parasympathetic 
system. If this is so, the neutralization of the venous effect (Fig. 6) by 
atropine points to a rational method of treatment. But more knowledge 
must first be obtained of the reactions of the intrapulmonary vessels, 
and one must also find out if human pulmonary vessels respond in a 
similar way to those of the dog. This latter point is to be investigated as 
soon as suitable material is obtained. 

With regard to the intrapulmonary vessels, the writer’s opinion is 
that they are much less reactive than the extrapulmonary ones, but that 
this point should be settled by the use of another technique (this is to be 
done by the aid of the microscope in Prof. Daly’s laboratory). By 
comparison, however, with other small structures (e.g. trachea of foetal 
kitten), the reactions of which have been recorded with the same apparatus 
as used in the present experiments, the small degree of the response of 
these vessels must be ascribed to weakness of innervation or scantiness 
of smooth muscle rather than to any fault of the apparatus. 

In one case adrenaline was used on a longitudinal piece of pulmonary 
artery, instead of a ring, and it was found to cause contraction. 

Summary. 

1. In general isolated ring preparations of the extrapulmonary part 
of the pulmonary vascular system of the dog gave the following reactions 
with the concentrations used: 

(а) Adrenaline constricted the arteries and the veins. 

(б) Acetylcholine relaxed the arteries and constricted the veins. 

(c) Adrenaline constrictor effects were reversed by ergotoxine. 

2. Similar preparations of the azygos vein of the dog gave reactions 
similar, in large measure, to those given by the extrapulmonary veins. 

3. The intrapulmonary vessels gave weak and variable reactions. 

I wish to thank Prof. J. A. Gunn for the facilities afforded in his 
laboratory for carrying out this research, and for his interest in it. To 
Prof. I. de Burgh Daly I wish to express appreciation of his very 
generous cooperation throughout the investigation. 
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THE FUNCTIONS OF THE GREAT 
SPLANCHNIC NERVES. 

By D. T. BARRY. 

(From the Department of Physiology, University College, Cork,) 

‘‘On no subject in physiology do we meet with so many discrepancies of 
fact and opinion as in that of the physiology of the intestinal movements.” 
This statement made by Bayliss and Starling in 1899 holds a lot of 
truth as applied to our knowledge of the subject at the present time. 
Nobody can state with precision what the functions of the great splanch¬ 
nic nerve are in relation to intestinal or other activity. Contractile fibres 
to the spleen have just been demonstrated in this nerve by Bar croft 
and his associates [1932], and it is certain that its role in vascular and 
intestinal reactions needs further investigation and definition. 

Having observed several irregularities of response while investigating 
with A. and B. Chauchard [1932] the variations of splanchnic chronaxie 
due to bleeding, etc., 1 determined to test the possibility of ascertaining 
something definite about splanchnic function by splitting the nerve into 
two or more bundles, so as to dissociate different activities in stimulating 
the separate branches. If one could approach the problem by artificially 
separating the different groups of fibres and stimulating the bundles 
individually and collectively some further light might be thrown upon 
it. Strict isolation of each strand of fibres corresponding to each function 
was not hoped for, but a preponderance of a certain function was expected 
to be exhibited by a given bundle. 

Method. 

The animals used in these experiments consisted of twelve dogs and 
four rabbits. They were always fully chloralosed. The great splanchnics 
were dissected out and cleaned on both sides. They were then cut as 
high as possible without injury to the diaphragm. The right nerve 
demands a good deal of care. Both nerves require to be cut in order to 
get good intestinal movement. The viscera were interfered with as little 
as possible. In some experiments both nerves were split longitudinally 
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into two parts, in others one of the nerves was split into two or three 
bundles. Separation into four parts was also tried and was found to be 
difficult; but it should be easier with improved technique. The rabbit’s 
nerve was merely divided into two portions. The nerve in many instances 
was excited as a whole before division. The electrodes used consisted of a 
pair of silver wires across the lumen of a small vulcanite or glass tube 
about 2 in. long. On to these wires the nerve or bundle was drawn 
through a small opening at the lower end of the tube by means of a 
thread. The tube was then corked at the upper wide end, the stopper 
fixing the thread and holding the nerve in position. Thus the tube 
provided a practically water-tight chamber for the nerve. Excitation 
was efiected both by galvanic and faradic currents, the strength varying 
from 4 to 6 volts in the former and the frequency from 5 or 6 to 12 per sec. 
Two pairs of electrodes were generally in place together, the exciting 
current being changed from one to the other by a switch. 

The reactions observed were those of the intestine, of which the 
movements were recorded by the balloon method, and of the blood- 
pressure as taken from the carotid artery. Records from the artery were 
obtained either by means of a Hurthle’s tambour with a mercurial 
manometer in the system, or by the mercurial manometer directly. The 
position of the balloon was varied; in many instances it was placed in 
the upper jejunum, in others at different lower levels. Two and three 
balloons have been used in some recent experiments, but the results of 
these are not at present included. The responses of the suprarenal gland 
and of the spleen could also be observed, but no means of measuring 
these were employed. Intense contraction of the exposed spleen could 
be seen as a result of splanchnic stimulation. The animal was not placed 
in a bath, but the viscera were well covered and kept at uniform tem¬ 
perature by warm saline irrigation. 

Records. 

Each record shown in this article is a double one of blood-pressure 
above and of intestinal movements below. The time represents intervals 
of 6 sec. On account of the occasional great excursions of intestinal 
records it was found simpler to get an assistant to mark with a cross the 
exact point of beginning stimulation than to use an electric signal. The 
duration of stimulation was 20 sec. unless otherwise stated. The blood- 
pressure was generally low with the splanchnics cut, namely from 65 to 
80 mm. Hg. Figures for the different variations are not included as they 
can be pretty closely judged. All the records are from dogs. 
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Present views. 

The older views concerning splanchnic function were modified as a 
result of the work of Bayliss and Starling [1899]. The conclusions of 
these authors have been questioned as regards certain details, but in 
the main they are still regarded as truths. They say that the splanchnic 
nerve exerts a tonic inhibitory influence on the intestine, that excitation 
of the nerve causes inhibition of the longitudinal and circular fibres, 
while there is no evidence that these nerves ever possess a motor function. 
The inhibition is independent of circulatory changes. The vagus, they 
say, possesses two sets of fibres, inhibitory and augmentor, the former 
having a short latent period and the latter a long one. This vagal action, 
they hold, is in no way due to spread to the splanchnic. Bunch [1899] 
said that he obtained evidence of intestinal vaso-dilator as well as vaso¬ 
constrictor fibres in the splanchnic nerve. On stimulation of the nerve he 
observed vaso-constriction at first and then in some cases vaso-dilatation. 
The vaso-dilatation he demonstrates by intestinal plethysmographic 
curves, and in none of his records is there any fall of arterial pressure 
from splanchnic stimulation. Bunch shows in one record a slight 
excitatory intestinal effect from splanchnic stimulation, but he makes 
nothing of it as demonstrating such fibres in the nerve. 

Page May [1904] mentions that several observers believe that the 
splanchnics contain both motor and inhibitor fibres to the stomach; 
the vagus also is believed to have a similar double function. Open- 
chowski [1899] and others also attribute a double function to the gastric 
nerves. Gastric innervation, however, which has recently been reviewed 
by MeSwiney [1931], is a different consideration from intestinal inner¬ 
vation, though primafade one may expect some similarity of action of 
sympathetic and parasympathetic supplies in both cases. It is stated 
by Weil [1931] that a reversal of the common effects ascribed to the 
splanchnic may occur, and Spadolini [1917] described a pure inhibi¬ 
tory effect from vagal stimulation and a pure augmentor one from the 
splanchnic, while opposite effects were given by different parts of the 
gut. Alvarez [1922] says that while the vagus generally has an ex¬ 
citatory and the sympathetic an inhibitory action on the gut these effects 
are transient and vary with strength of current, condition of the muscle, 
etc. This author says that vagus stimulation at first causes diminution 
of tone, and 15~6() sec. later increased activity. This corresponds in the 
main with the view of Bayliss and Starling, though Alvarez questions 
their conclusions on other points, such for instance as the characteristics 
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of the contractions. Bercowitz and Rogers [1921] have pointed out 
the importance of the rate as against intensity of stimulation in deter¬ 
mining responses. This and other characteristics of excitability, chron- 
axie, and stimulation, are certainly important considerations. It looks as 
if a final solution of the problem will be reached only by thorough in¬ 
vestigation of these features. The variations of response observed in the 
present experiments as a result of alterations of the frequency of the 
galvanic current were not sufficiently definite to be considered as dis¬ 
tinguishing characteristics. The most effective frequency for stimulation 
was found to be 10 or 12 per sec., but the lower rates were not without 
effect. It is a point worth further investigation. 

An augmentor function then is ascribed to the gastric sympathetic, 
but neither the authors mentioned nor others present any serious evidence 
to oppose the observation of Bayliss and Starling that splanchnic 
stimulation never gave intestinal motor effects. The chief point of the 
present communication being to show the occurrence of such intestinal 
motor effects of splanchnic excitation, I may anticipate the general 
statement of results by saying that an augmentor action on the con¬ 
tractions of the gut was frequently observed on stimulating different 
parts of the nerve. The variations of intestinal and vascular responses 
obtained on stimulating separate parts of the splanchnic nerve indicate 
the presence of different types of fibres in these nerves. 

Results. 

The usual effect obtained from stimulation of the whole splanchnic 
with a galvanic current was an increase of blood-pressure consisting of 
an immediate primary rise and a later secondary one. Inhibition of 
intestinal contractions usually accompanied the vascular effect (Fig. 1). 
This record shows the result of stimulating in A one half (the inner) and 
in B the other half of the left splanchnic nerve. Stimulation of the 
whole nerve previously had caused a response similar to B. In both 
cases there is a typical immediate inhibition of the intestine; the balloon 
was placed about 12 in. below the duodenum. The inhibition in A is 
followed by strong contraction and increase of the rate of activity; in 
B it is followed by increased rate only. In this experiment the application 
of the Faradic current caused a similar reaction in each case. In other 
instances a difference in the action of the two currents was observed. 
In neither of the reactions shown in Fig. 1 is there any appearance of a 
secondary or adrenaline inhibitory action on the intestine, though the 
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secondary increase of blood-pressure is obvious. This indirect effect of 
stimulation was well marked in other experiments. 

The differences in the responses of different bundles of fibres were 
sometimes very pronounced. Much depended on the nature and duration 
of the stimulus, but uniformity of these factors was a condition applied 
for comparison of the separate parts of a nerve. One advantage of the 
method adopted is that excitation of different strands of fibres sometimes 
gives quite a good dissociation of intestinal and vascular reactions; a 
rise of blood-pressure given by exciting one bundle may not occur, or 
may be reversed, by exciting another, while the intestinal response 
remains unaltered. This is an important factor in deciding how much of 
an intestinal reaction may be due to the vascular change. 



Fig. 1. Alternate stimulation of two bundles of left splanchnic. The effect on arterial 
pressure is the same, that on the intestine different. The same excitation was applied 
at + in each case. Duration 20 seconds. 

In the foregoing experiment (Fig. 1) the increased activity of the gut 
might be said to be a natural reaction after the quiescent period, and more 
or less independent of nerve influence. But the augmentor effect was 
much more rapid in onset in other experiments. Stimulation of one- 
third of the right splanchnic for instance caused an almost immediate 
and marked increase of intestinal contractions (Fig. 2) with little or no 
vascular change. A minute or so later the effect had passed off, and a 
stronger stimulus at the second mark was applied to the same bundle. 
This time we have an initial period of inhibition lasting about 10 sec. 
and then a phase of pronounced increase of activity for about 30 sec. 
With this second gut reaction there occurs a definite fall of blood-pressure. 
The intestinal reactions following both excitations are very similar except 
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for the inhibitory phase in the second; the vascular reactions are not 
similar. That part of the intestinal response which is simultaneous with 
the change of blood-pressure is the inhibitory phase. It is not for this 
reason to be regarded as the consequence of the fall of blood-pressure. 
We get inhibition much more frequently with increase of blood-pressure. 
The excitatory phase also seems to be quite independent of vascular 
change, especially in the first reaction. In many other instances it was 
also quite unconnected with circulatory disturbance. Stimulation of the 
other thirds of the nerve under consideration caused increase of blood- 
pressure and inhibition of the gut. 



Fig. 2. Immediate increase of the gut contractions from stimulation (Faradic) of branch 
of right splanchnic. The second stimulus (stronger) applied to the same branch. A 
fall of blood-pressure occurs and again the contractions increase after initial loss of 
tone. 


The right splanchnic nerve was separated into three branches in 
another dog. Stimulation of one of the branches caused intestinal 
inhibition lasting more than half a minute, followed by great increase of 
activity lasting more than a minute, all with practically no vascular 
changes (Fig. 3). This increased phase of activity is not presented as an 
example of an augmentor effect of stimulation, as it may perhaps be 
considered explicable as an after-effect brought about locally. The 
interval between the end of stimulation and the beginning of the marked 
increase of amplitude as compared with initial contractions is about 
50 sec. As a latent period this interval is too long to permit one to de¬ 
scribe the change as a simple reaction to the stimulation of the nerve. 

Splanchnic bundles have been isolated stimulation of which oc¬ 
casioned pure inhibition of the intestine and pure hypotension in the 
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Fig. 3. To show intestinal inhibition from branch stimulation without blood-pressure 
change. The late increased activity of the gut to be compared with the quick response 
in Fig. 2. Stimulation 12 secs. 



Fig. 4. Branch stimulation causing fall of blood-pressure and of intestinal tone. 

(Right splanchnic.) 

circulation (Fig. 4). In this record no secondary increase of activity is 
shown by the intestine, rather a secondary loss of tone is seen which may 
be ascribed to adrenaline, though no influence of this is observed on the 
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pressure curve. Obviously there existed hypotensive and intestinal in¬ 
hibitor fibres in the branch of nerve excited, and the stimulus (Faradic) 
was appropriate for both. Faradic stimulation of the other branch of this 



Fig. 5. Tonic effects of splanchnic stimulation; secondary coil at 12 cm. and at 7 cm. 



Fig. 6. Showing tliree phases of splanchnic influence on the intestine. Direct inliibition, 
increase of tone and adrenaline effect. 

nerve caused a small rise of blood-pressure and inliibition of the gut. 
No augmentor intestinal effect was obtained, but that does not essentially 
mean that the nerve contained no augmentor fibres. In the first branch 
mentioned practically all forms of excitation elicited some inhibition but 
not hypertension. 
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When the natural movements of the gut are small there is frequently 
another type of augmentor reaction, namely a peristaltic or prolonged 
increase of tone (Fig. 5). The duration of the change in this record coin¬ 
cides with that of the blood-pressure where stimulation was strong. The 
secondary coil was at 12 cm. distance in the first excitation and at 7 cm. 
in the second. This peristaltic reaction may also exhibit a preliminary 
inhibitory phase (Fig. 6); here a falling off in tone occurs when the 
secondary increase of blood-pressure is pronounced. These variations all 
indicate much independence of intestinal activity in relation to vascular 
conditions. 

A mixed reaction has also been observed, that is one in which a 
strong peristaltic contraction occurs while the regular or repeated con¬ 
tractions usually described as myogenic also become more active. This 
reaction, except for the preliminary period of inhibition, closely resembles 
the effect of acetylcholine on the gut in which intestinal excitation 
succeeds the hypotensive action after about 20 sec. The peristaltic form 
of response has also been observed with a fall of pressure. Several records 
of this effect have been taken. 


Discussion. 

The method adopted in these experiments is not altogether a satis¬ 
factory one for the dissociation of the functions of the great splanchnic 
nerves, but the results afford certain indications that these functions are 
more complex than is generally supposed. The method is one that may 
become more effective with improved technique and should provide a 
means of obtaining more definite information about these nerves and the 
characteristics of their excitability. 

The existence in the splanchnic nerve of hypotensive fibres, vaso¬ 
dilator probably, is easily demonstrated. These are separate from the 
main group of vaso-constrictors. In one experiment strong Faradic 
stimulation (coil at 5 cm.) yielded a depressor effect, whereas a weaker 
current (coil at 8 cm.) led to a pressor effect. The galvanic curtent applied 
to the same branch of nerve always elicited a pressor effect. Apart from 
this instance the depressor fibres were found free from vaso-constrictors 
and responded to different strengths of current. These depressor fibres 
do not seem to occupy a large volume of the nerve trunk. No precision 
could be achieved in determining their orientation, a statement which 
also applies to the other groups of fibres. Vaso-constrictor effects were 
much the more common in the excitation of the different artificial 
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bundles and seemed indeed to indicate that vaso-constrictor fibres were 
more abundant and more susceptible to ordinary stimuli than the others. 

With regard to intestinal inhibitory fibres we have to distinguish 
between a direct primary action and a late effect due to the increased 
absorption of adrenaline. The initial inhibition was freely obtained on 
stimulating different bundles and it was frequently followed by an 
augmentor effect. But this primary inhibition was absent in some clear 
instances and no form of stimulation of the whole nerve could elicit it. 
It was not always simply a case of missing the inhibitory fibres going to 
a particular region of the gut. Sometimes a difference was observed as 
between right and left nerves, excitation of one causing inhibition while 
that of the other did not. This may mean a different distribution to the 
gut. 

The augmentor action on the gut, already referred to, is distinctly 
twofold in character, viz. a slow tonic effect and an increase of rapid 
contractions. A quiescent condition of the intestine is rare after section 
of both splanchnics. It was well marked in one animal in gestation of 
about the fifth or sixth week. In this experiment the predominant 
reaction from both nerves was the slow peristaltic contraction which was 
accompanied by increase of blood-pressure. The augmentor reaction in 
general reminded one of vagal effects and set one thinking of such a 
possibility. None of the authorities on vagal distribution mentions a 
possible junction of sympathetic and parasympathetic fibres in the 
splanchnic nerves. McCrea [1924J says that these two sets of fibres join 
together on their way to the liver. This writer, MeSwiney and others, 
whom the latter quotes, also describe such union on the mesenteric and 
pancreatic arteries. Bayliss and Starling make no reference to such a 
possibility as splanchnic and vagal union. I have discussed the matter 
with some prominent anatomists. One of these says that he would not 
be surprised to learn that a blend of vagal and splanchnic fibres occurred 
at diaphragmatic level. 

Atropine in large doses failed to abolish the augmentor reaction in 
these experiments, but, as Bayliss and Starling point out, atropine 
does not paralyse the intestinal vagus. Ergotoxine modified the response 
but did not cause its abolition; further tests with sympathetic para- 
lysants are necessary. 

Vagal stimulation proper yielded gut reactions very similar to those 
obtained with splanchnic stimulation, the preliminary inhibition in the 
latter case being a particular feature in some instances. The action of 
acetylcholine is of interest; in four or five experiments in which it was 
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injected it jiowed no inhibition, but otherwise closely resembled certain 
effects of splanchnic excitation. All that can be said at present is that 
these a ,agmentor fibres which undoubtedly exist in the great splanchnic 
nerv^e exhibit a vagal type of reaction, but it is possible that they belong 
to/the sympathetic system. 


Summary. 

A method was adopted for investigating the functions of the great 
splanchnic nerve in the dog and rabbit by splitting the trunk longi¬ 
tudinally into two or three branches and stimulating each separately. 

Stimulation of a branch sometimes caused a fall of blood-pressure, 
accompanied by inhibition, augmentation or no change of intestinal 
movements. 

Branch stimulation sometimes occasioned marked increased activity 
of intestinal movements with or without preliminary inhibition. This 
reaction is similar to that given by stimulation of the vagus nerve, but 
there is no evidence that the parasympathetic system is in play. 

The results as stated have been chiefly found in the dog, not satis¬ 
factorily in the rabbit. In the former animal the great splanchnic nerve 
contains hypotensive vascular fibres and augmentor intestinal fibres, 
which with the generally admitted fibres of opposite function in each case 
constitute two reciprocal systems. 
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A pleural cannula. By K. J. Franklin and H. P. Gilding^. 

The cannula consists of a metal tube, into which is screwed a bullet¬ 
shaped head. The head is steel-tipped, and a washer is interposed between 
it and the tube. The tube is shown in section in Fig. 1. Between d and e 
the upper half is cut away to make a communication with the thoracic 
cavity. Between h and g the metal has been turned down, so that the 
tube has a slightly smaller external calibre between these points. At c 
and / are small grooves which run round the tube. At a and A, on the 
upper surface of the tube and equidistant from the central hole, are two 
small drill holes. The diagram shows a size of cannula suitable for use in 
rabbits and cats. It is passed across the thorax in the supine position of 
the animal through corresponding intercostal spaces on the two sides. 
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When passed, it should lie over the heart and a little below the sternum. 
The depressions a and A should be uppermost, and equidistant from the 
mid-line of the animal. 

The cannula depicted is used for another purpose, and will be dealt 
with later by one of us (K. J. F.). For use as a pleural cannula only, the 
buUet-shaped head might be turned on the same piece of metal and not 
screwed to the body as in the diagram, similarly the threaded bore at the 
tail end is unnecessary for this purpose. 

For getting an idea of the degree of constriction or relaxation of the 
bronchi in a decapitate animal under the action of various drugs, the 
apparatus is connected with a suitable recording apparatus. For mea¬ 
suring the intrapleural pressure variations in an intact animal, a portion 
^ Assisted by a part-time research grant from the Medical Research Counoil. 
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of condom is fastened between 6 and by threads passing round the 
grooves c and/, before the cannula is inserted. The slightly smaller calibre 
of the tube between b and g prevents any tearing off of the membrane 
during insertion. The cannula is filled with fluid and connected with a 
recording manometer, and during insertion, which takes only a second, 
a negative pressure within it ensures the collapse of the rubber membrane. 
The bullet-head prevents any occurrence of pneumothorax on passage of 
the cannula, and, gripped as the tube is between two ribs on each side, 
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Fig. 2. Cat 2-6kg. Upper tracing: H^O manometer. 

Lower tracing; blood-pressure. 

it is unaffected by movements of the animal. In addition, as it has only 
one hole within the thorax, and this is turned to face the sternum, no 
blocking can occur as the result of movements of the thoracic viscera. 
If the sternal region is pinched up in an intact animal, or the artificial 
respiration temporarily reduced in a decapitate animal, there is no danger 
of the bullet-point puncturing the lungs during the passage of the cannida. 
Fig. 2 shows a record of pleural pressure obtained with the cannula con¬ 
nected to a 6 mm. bore water manometer, the writing-point being at¬ 
tached to a glass float. 
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The CO2 catalyst present in blood. By B. Brinkman, 

R. Margaria, N. U. Meldrum and F. J. W. Roughton. 

A year ago Brinkman and Margaria showed that minute traces of 
hsBmoglobin, whether purified or crude, accelerated strongly the hydration 
and dehydration of CO 2 {i.e. the reactions H 2 CO 3 H 2 O -f CO* and/or 
HCO 3 ^ CO 2 + OH). Their technique consisted in registering the pH 
changes in a thin film of NaHCOs solution adhering to an antimony 
electrode, when air containing 10 p.c. CO 2 (for the hydration velocity) or 
no CO 2 (for the dehydration velocity) was passed over the film. Many new 
results have since been obtained by this technique, but these have all 
proved to have only a qualitative significance, since controls on the 
reactions in absence of catalyst showed that the changes observed were, 
for some reasons not yet explained, far too slow. We have therefore 
confirmed and extended the work by other methods, the validity of 
which have been checked by experiments on the uncatalysed reaction. 

A special glass vessel, containing two compartments, was mounted in 
a shaker enclosed in a thermostat, and was connected to a manometer of 
the Barcroft type. In one compartment 2 c.c. of 0*1 M/NaHCOg were 
placed, in the other 2 c.c. of 0‘15ilf buffer pH 6-4~6'6. Cacodylate and 
phosphate buffers gave similar results. On starting the shaker, the solu¬ 
tions mixed within 2-4 seconds and the subsequent evolution of CO 2 
during the shaking was registered by the manometer readings over a 
period of usually 4 minutes. The catalytic effect of various solutions was 
tested by adding 0-1 c.c. to one or other of the compartments before the 
shaking. 

The reaction rate was doubled by 0-0012 p.c. purified Hb 02 (Ox). 
Higher concentrations of HbOg up to 0-01 p.c. (the highest tried) gave 
proportional increases in rate. Reduced hsemoglobin and methasmo- 
globin both gave the same rate as HbOg; CO haemoglobin on one occasion 
gave the same rate, but on another a slightly faster rate. Lysed corpuscles 
of the same concentrations in haemoglobin also gave about the same rate, 
but unlysed corpuscles were two to three times less effective, owing partly 
no doubt to slowness of diffusion of substrate into the corpuscle. Serum 
and plasma were both negative. Of the breaJcdown products of haemo¬ 
globin, haemin was negative, but globin, prepared by Anson and 
Mirsky’s method and also by Hill’s, gave acceleration roughly equal to 
that by haemoglobin containing the same amount of globin. So also did 
haemoglobin which had been resynthesized from globin and haemin. Crude 
muscle haemoglobin, prepared by perfusion of the hind limbs of a dog 
or cat with Ringer till the perfusate was colourless, followed by extraction 
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of the muscles with water, had about the same activity as the blood 
haemoglobin of the same animal. 

The blood pigments of a number of lower animals were also tested. 
Of Hb-containing animals the blood of frog, gold-fish, Chironomus, 
Arenicola gave marked effects, but less than those of mammalian blood, 
whereas earth-worm and planorbis blood appeared to be quite inactive. 

The chlorocruorin of Branchiomma was also quite active. 

The haemocyanin of Maia and snail seemed to give a slight positive 
effect, but this requires confirmation. 

The action of 0*001 cyanide on mammalian Hb has so far proved 
perplexing. In some cases it has enhanced the rate by about 40 p.c., 
whereas in others it has caused complete inhibition. 

Some of the above results have also been confirmed by photoelectric 
recording of the pH changes of mixtures of bicarbonate or carbonic acid 
after being mixed with suitable buffers containing suitable indicators. 

This catalytic power of blood has proved to be of use in analytical 
chemistry, for it facilitates greatly the titration of carbonate in mixtures 
either of NaOH and NagCOjj or of NagCOg and NaHCOg. 

Addendum by N. U, Meldrum and F, J. W. Roughton, 

Recently we have succeeded in separating the catalytic system from 
haemoglobin, as shown by the following experiments: 

(а) When Hb02(0x), purified by Adair’s method, was precipitated 
by contact with CHCI3 for 36 hours at room temperature, the filtrate, 
although free from Hb and globin, was found to have almost the same 
activity as the original solution. 

(б) Charcoal adsorbed the active system, for solutions of HbOg 
filtered after shaking with charcoal, showed only a fraction of the initial 
activity. 

(c) When 1 Hb02(0x), pH 6*8 was warmed to 65° C. for 35 

minutes the activity was destroyed, although the haemoglobin was still 
mainly methaemoglobin, which is normally as active as HbOg. 

For this new enzyme system we suggest the name Carbonic 
Anhydrase. 

The influence of iodoacetic acid on the blood sugar level. 

By J. T. Irving. {Dept, of Physiol,^ Vniv, of Bristol,) 

In confirmation of the previous work of Neuss [1931], I have found 
that subcutaneous injections of sodium iodoacetate into rabbits produced 
a marked hyperglycaemia. The dose used varied from 10 to 20 mg. pe^* 
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100 g. body weight (calculated as free acid). Immediately on injection, 
the blood sugar began to rise and the typical symptoms came on. Death 
usually occurred in from ^ to 1J hours. About half the rabbits showed 
extreme rigor at death, but the appearance of rigor was commoner in 
those which had died quickly. In all cases but one the blood sugar rose 
steadily till the animal died, typical figures at death varying between 
0-2 and as much as 0*5 p.c. The liver glycogen values at death were found 
to be very variable, but nearly all indicated that the glycogen reserves 
were by no means depleted. lodoacetic acid was found not to interfere 
with the estimation of the blood sugar. 

After the production of insulin hypoglycsemia, the injection of iodo« 
acetate immediately caused the blood sugar to rise, and convulsions to 
cease, but iodoacetic-poisoning symptoms soon supervened, and the 
animals usually died in about half an hour, often showing marked rigor. 
The intravenous injection of insulin after iodoacetic acid given sub¬ 
cutaneously had no effect on the blood sugar values or the onset of 
symptoms. 

Experiments on isolated organs have not yet been made, so it is im¬ 
possible to say to what extent the rise in blood sugar is due to stimulation 
of the liver, or to inhibition of glycolysis in all the tissues. In view of the 
invariably fatal issue, the latter factor must play an important part, in 
which case it appears possible that the first change which the blood sugar 
undergoes on reaching the tissues is a degradation to lactic acid. 

The expenses of this work have been defrayed from a grant from the Government 
Grants Committee of the Royal Society, 
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The pituitary and the reactivity of the uterine muscle. 

By J. M. Robson. (Macaulay Laboratory^ Institute of Animal 
Genetics, Univ. of Edinburgh,) 

Previous experiments have shown that the intramuscular injection of 
bovine anterior pituitary lobe substance (together with an antiseptic, 
quinanil) into oestrous rabbits is followed by the formation, in the ovaries, 
of luteal tissue, whose period of activity is equivalent to that of normal 
pseudopregnancy; progestational proliferation of the endometrium and 
inhibition of the in vitro reaction of the uterine muscle to pituitrin are 
observed for 14-16 days after a single injection [Robson, 1932]. The 
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regular injection of one anterior lobe daily causes marked luteinization 
of the ovaries; the uterus shows the usual progestational proliferation, 
but inhibition of the pituitrin reaction is no longer observed by the 
7-8th day after the first injection: on the contrary, pituitrin now causes 
contraction of the muscle. The disappearance of inhibition in the presence 
of proliferation represents a “dissociation” of the responses of the uterus. 
Doses of an extract of the corpus luteum which cause inhibition of the 
pituitrin response in test animals do not produce inhibition in animals in 
which “dissociation” has developed (even though the injection of an¬ 
terior pituitary lobe substance be continued). 

The daily injection of both anterior pituitary and a-hormone (oestrin 
—about 10 M.u. of an oily solution daily) into intact oestrous animals 
caused progestational proliferation and inhibition of the pituitrin reaction 
in the majority of experiments; in a few experiments, however, the dis¬ 
sociation of the uterine responses was still observed, although the histo¬ 
logical appearance of the uterus showed that more than adequate doses 
of oestrin had been given. The daily intravenous injection of a-free 
gonadotropic preparations made from the urine of pregnant women 
[Wiesner and Marshall, 1931] brought about progestational prolifera¬ 
tion and inhibition of the pituitrin response. Both reactions were main¬ 
tained for prolonged periods and no “dissociation” was ever observed 
under these experimental conditions. 

REFERENCES. 
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Myotatic reflexes during sympathetic stimulation. By Gilbert 
Phillips^. (Univ. Sydney,) Physiological Laboratory, Oxford. 

In an article now in the Press [1932] changes in myotatic reflexes 
following the sympathetic denervation of skeletal muscle have been de¬ 
scribed. Proprioceptive reflexes have now been examined in the soleus 
muscles of decerebrate cats during faradic stimulation of one sympathetic 
chain in the abdomen^. Using dissecting binoculars and a headlamp the 
S)ntnpathetic chain on one side has been carefully freed over a length 
extending caudaUy from the crus of the diaphragm for 2*5 to 3*5 cm. 
The rami of the first and second lumbar sympathetic ganglia have been 
cut, and glass shielded electrodes placed on the isolated sympathetic 
chain. 



Fig. 1. Galvanometric record of firing of single muscle fibre unit under slight constant 
stretch. A, nonnal resting discharge. B, after one minute of sympathetic stimu> 
lation. 0, after two minutes of sympathetic stimulation. A second unstable unit 
fires somewhat irregularly in the background. Tuning fork 100 D.v. per second. 

The stimulating circuit has consisted of an inductorium having 2 amps, 
in the primary circuit with a coreless secondary coil at a distance of 5 cm. 

To avoid polarization over long stimulation periods both make and 
break shocks delivered at 10 per second by silver chloride coated elec¬ 
trodes have been used. 


^ Fellow of the Rockefeller Foundation. 

* Dr Ragnar Granit assisted in this work, 

h 
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It may be justifiably assumed that under such stimulation all struc¬ 
tures in the soleus muscle innervated by post-ganglionic sympathetic 
axones were excited, since all post-ganglionic fibres were intact from the 
sympathetic chain to the periphery; the rate and strength of stimulation 
were adequate [1929]; and the amount of operative handling was in¬ 
sufficient to interrupt the activity of sympathetic neurones [Adrian, 
Bronk and Phillips, 1932]. 

No naked-eye changes were observed in the soleus muscle when its 
sympathetic innervation was stimulated over long periods. Examined 
myographically the constant tension of a postural contraction was not 
seen to change during prolonged sympathetic stimulation (4 to 5 minutes). 
A passive stretch of 3 mm. in 0-25 seconds applied to the soleus tendon 
produced the same myotatic tension both in the resting muscle and 
throughout prolonged sympathetic stimulation (3 experiments). Under 
minimal stretch one could record with a string galvanometer the centri¬ 
fugal firing of single anterior horn cells supplying the soleus muscle. 
Such preparations are at the best most unstable, but in at least three 
cases no modification was detected in the rate or rhythm of firing during 
sympathetic stimulation (Fig. 1). 

The rate and rhythm of clonus and the number of units in syn¬ 
chronous activity was not influenced by sympathetic stimulation. 

REFERENCES. 

Phillips, Gilbert (1932). Proc. Roy. Soc. (in the Press.) 

Heinbeckor, Peter (1929). Amfr. Physiol. 93 , 284. 

Adrian, Bronk and Phillips (1932). J, Physiol. 116. 


Infra-red rays and ventilation. II. By Leonard Hill. 

As already stated (Proc. Physical Society, Nov. 14, 1931), the nasal 
mucous membrane tends to become congested and the air-way obstructed 
as a reflex effect from stimulation of the skin by infra-red rays coming 
from a dull red or dark source of heat. The effect is pronounced only in 
those with a deflected septum or a chronic catarrhal and stuffy state of 
the nose. It can, however, be made evident in all normal people with 
widely open noses by the help of a screw nose-clip, adjusted to narrow 
the air-way and produce a significant degree of obstruction. Rays from 
incandescent sources acting on the same, or other parts of the body, 
antagonize the ‘‘nose-shutting” rays. 

Any incandescent source can, however, be made a “nose-shutter” by 
means of a screen of acetyl cellulose (cellophane), gelatine or horny layer 
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of skin (desquamated), and also by a cloud of steam from the spout of 
a boiling kettle. Graphs prepared for me by Dr H. J. Taylor, by means 
of a rock-salt spectroscope and thermopile, show that all these screens 
absorb infra-red rays in the region about 30,000 a.u., and let through 
rays in the region 40,000-60,000 a.u. Cellophane, a “nose-shutting” 
screen, is transparent to ultra-violet and visible rays. White glass, on the 
other hand, opaque to the biologically active ultra-violet rays and 
transparent to visible rays, offers a large amount of protection from the 
“nose-shutting” rays; red glass affords less protection than white. The 
two kinds of glass absorb some of the rays only in the region of 30,000 
A.U., red more than white; they also absorb infra-red rays longer than 
45,000-50,000. It is clear then that ultra-violet and visible rays have 
nothing to do with either the “nose-shutting” or “opening” effects, and 
the “nosc-closing” effect is caused by infra-red rays of small intensity 
other than those which cause “nose-opening.” It is remarkable that, 
contrary to the action of a cloud of steam, or a layer of water which absorbs 
“nose-opening ” rays, a film of water or an invisible screen of water vapour 
rising from a trough of cold or warm water makes the “nose-shutting” 
rays ineffective—hence the custom of putting troughs of water in front 
of stoves. 

The sensitivity of the skin to infra-red rays shown by the nasal 
reflex is great; thus the nose may be shut on the side to which the septum 
is deflected when the author faces at a distance of 40 ft. a 300-watt 
tungsten filament lamp, screened by cellophane, and at a distance of 
27 ft. when screened by a piece of the horny layer of the skin, 2 in. by 
1 ill., set in a sheet of cardboard. The sensitivity of the author is rivalled 
by that of others similarly incommoded by a deflected septum. Cooling 
the face by a fan or a cold surface at once antagonizes this “nose-shutting” 
effect. 

In the case of one subject the time of closing of the partially ob¬ 
structed side of the nose was taken at various distances from the source, 
and the effect found to vary ms Vi t, where i = intensity and t = time. 

On using different sized square holes in cardboard screens applied to 
the skin and keeping the distance of the source constant, the effect varied 
as ^ where a ™ the area and t = time. 

Rays from an incandescent source feel pleasanter and less scorching 
than those from dull red or dark sources of heat. A screen of cellophane, 
while taking away the feeling of heat, makes active the “nose-shutting” 
rays of any source, including the sun and an arc lamp. Increasing the 
energy output of a dull source in the short infra-red region increases 
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both the ^^nose-opening” effect and pleasanter quality of the rays. 
In the case of a bar electric fire an increase of current from 6 to 5^ amps, 
sufficed to convert this fire from a ‘‘nose-shutter” to a “nose-opener,” 
The shortest infra-red rays, 8000-2800, penetrate the skin as deeply 
as red-rays do, and excite flushing and transudation, hence their less 
scorching effect. The “nose-shutting” infra-red rays cause stuffy feelings 
in susceptible people and probably contribute to catarrhal complaints. 
Ventilation with cool air counteracts their action, hence the need for the 
standard cooling power fixed by the author for the kata-thermometer. 


A .... Emission curve of lamp 300 watts. 

B o o o Transmission of cellophane. 

C X X X Water *05 mm. in thickness. 

D.Transmission of infra-red radiation 

by desquamated horny layer of 
skin 

E - . . White glass. 


% TRANSMISSION 



The inhibition of starch hydrolysis in the presence of glucose. 

By Chables Reid. 

Glucose is slowly formed later in the hydrolysis of starch by saliva 
[Evans, 1912], and its presence interferes to some extent with the action 
of blood diastase on starch [Narayana and Reid, 1930], A filtered 
neutral solution of Merck’s diastase was prepared of approximately the 
same diastatic activity as that of dog’s blood and the inhibitory action 
of glucose on starch hydrolysis by this solution and by blood compared 
as follows: 

A duplicate series of Erlemeyer flasks contained 1 c.c. of 0*1 p.c, 
soluble starch in 0*9 p.c. NaCl, 1 c.c. of 0*3 p.c. filtered Merck’s diastase^ 
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0*8 c.c. of 0*9 p.c. NaCl, and 0*2 c.c. of glucose of different p.c., the 
diastase being added last. One series was used for sugar estimation at 
once and the other after incubation at 38° C. for 30 minutes. For blood, 
a similar method was adopted using 0*2 c.c. blood with the chloride 
content of the solution in the flasks brought to the same figure as above 
which is near the optimum. 

After incubation, the sugar content was determined by Maclean’s 
method and the diastatic index determined according to the increased 
sugar content by the method suggested by Fyf e [1923]. The pH of the 
solution was 7. 

Diastase (M erck) Blood diastase 


Sugar p.c. in 
flask before 

Diastatic 

Sugar p.c. in 
bask before 

Diastatic 

incubation 

index 

incubation 

index 

00 

49-2 

0 007 

510 

001 

48-4 

0015 

49-6 

002 

42-8 

0 026 

35-4 

0035 

38-4 

0039 

34-8 

0 044 

35-2 

0047 

33*2 


Since the p.c. of starch in the flasks was 0*033, it is evident that sub¬ 
stances related to the substrate produce inhibition when present in 
concentrations of the same order of magnitude as that of the substrate, 
and this is equally true for diastase (Merck) and blood diastase. 
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Chromatolysis of motor-horn cells. By C. S. Sherrington. 

Certain degenerative changes (chromatolysis) in the microscopical 
structure of nerve cells are well known to ensue after amputation of the 
nerve fibre which springs from the cell. Motor-horn cells of the spinal cord 
of the monkey exhibit changes microscopically very similar to the above 
after transection of the cord headward from them. In this case, however, 
the manner of production of the change would seem different because 
neither is the axone fibre or indeed any part of the affected cell itself 
directly touched by the trauma. Thus, thirteen days after severance of 
the cord at 8th thoracic level in the monkey a number of the motor-horn 
cells in the hindlimb region, e.g. at 5th lumbar segment, are chromatolyzed. 
This is not due to any complication by myelitis. Clean rapid post¬ 
operative healing without a trace of sepsis has been the unbroken rule in 
the experiments. 
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Me Couch [1924] has recorded finding chromatolysis in the spinal 
cells in a monkey accompanying a severe paraplegic state of 35 days’ 
duration. In my own experiments a fortnight after the transection the 
chromatolysis is evident in a certain percentage of the ventral horn cells 
in the lumbo-sacral region, though not equally in all segments. In a 
number of the cells the perikaryon has lost its normal Nissl bodies to a 
large extent, a great deal of it has become hyaline, or even vacuolated in 
appearance; the nucleus has become displaced and eccentric, even so as to 
lie quite to one side. 

A question arising is what, when the cell body is thus affected, is tlie 
condition of the motor nerve fibre which springs from it and, as we 
know, trophically and functionally depends on it. I have looked at the 
motor nerves of certain typical limb muscles [tibialis anticus, ext. long, 
digitorum, and gastrocnemius] and failed to find Wallerian degeneration 
in one case at the 17th day after the spinal transection. A functional test 
does, however, reveal at least as early as the thirteenth day distinct change 
in the motor nerve-muscle complex and in those very same flexor muscles. 
A single-shock stimulus applied directly to the motor nerve evolves a 
twitch contraction of subnormal tension value and sluggish to the degree 
of being more than twice the normal duration. The motor tetanus, 
evoked similarly by direct stimulation of the motor nerve, is corre¬ 
spondingly weak in tension, sluggish in relaxation, and its fusion rate is 
lowered, e.g. fairly perfect tetanic fusion at 22 stimuli per sec. 

Functional defect in the motor nerve-muscle complex [Fulton and 
Sherrington 1932] accompanies therefore in these experiments in the 
monkey an abnormal state in certain of the spinal motor-horn cells which 
the microscope discovers in the corresponding region of the spinal cord. 
These dystrophic changes, of chromatolytic character, in spinal motor 
cells would seem, since consequent on a lesion distant from the cells 
themselves and many spinal segments further headward, to be examples 
of ‘'transneuronal degeneration’’; and the functional impairment of the 
nerve-muscle complex associated with it may be a further extension of, 
so to say, “transneuronal degeneration.” 
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Estimation of parathsrroid hormone. By F. J. Dyer. 

{PJiarmaceutical Society, London,) 

The experiments described have been carried out with a sample of 
parathormone generously presented by Dr G. H. A. Clowes of Messrs 
Eli Lilly and Co. When parathormone is injected into rats, I find that 
it causes a rise in the urinary calcium which may last from one to four 
days. This is illustrated by the following figures for the urinary calcium 
of a group of twelve male rats fed on a uniform dry diet. 

Total volume of urine 


Day of experiment 

from group (c.c.) 

Total Ca (mg.) 

l8t 

90 

7-6 

2nd 

72 

16-9 

3rd 

58 

20-2 

4th 

64 

16-4 

6th day each rat received 0*5 c.c. parathormone (s.c.) 

6th 

68 

46-9 

6th 

72 

45*9 

7th 

56 

29-9 

8th 

48 

141 

The average calcium excretion per day for the four days before the 
injection was 15*0 mg., and after the injection was 34*2 mg. The average 

rise per day was 19*2 mg. 

and reckoned per 

100 g. rat was 0*96 mg. 

The rise similarly determined in different groups of male rats for 

different doses of parathormone was: 


Dose of parathormone 

No. of rats 

Rise in urinary Ca, 

per rat (c.c.) 

in group 

mg. per 100 g. per day 

0125 

7 

0*22 

0-25 

8 

046 

0-25 

9 

043 

0-35 

8 

049 

0-35 

6 

0-62 

0-5 

12 

0-96 

10 

12 

0-94 


In two experiments the injection of 0*3 c.c. and of 0*5 c.c. para¬ 
thormone produced no rise of urinary calcium. 

The method of estimating parathyroid hormone proposed on the 
basis of these results is to take a group of twelve to twenty male rats, of 
weight about 140-180 g., which has been fed for some time on a normal 
diet. The group is divided into two parts, which are placed in separate 
metabolism cages, in which the rats are fed on a uniform dry diet, con¬ 
taining a known amount of Ca, e.g, 1 p.c. The urinary calcium is deter¬ 
mined in the urine from each cage for a period of four to six days. The 
rats in the one cage are then injected with a dose of the preparation 
being tested, and the rats in the other cage are injected with the standard 
of reference with which the unknown is to be compared. The sample to 
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be tested must be matched against the standard, so that it produces 
about the same rise in urinary calcium as the standard. If in a first 
experiment the unknown sample does not do so, the figures given above 
are taken as a rough guide for readjusting the dose in a further experi¬ 
ment. There is some evidence that rats do not respond well to a second 
injection of parathormone. Calcium determinations were made by the 
method described by Co 11 ip and Clark (J. Bioh Chem. 1926, 64, 486). 


The behaviour of glycogen and lactic acid in normal and 
diabetic mammalian skeletal muscle under ischaemic con¬ 
ditions at body temperature. By Charles Reid. 

The animal (rabbit) was kept at rest for 1 hour before ansesthetization 
by intra-peritoneal amytal which lowers very slowly the glycogen p.c. 
in muscle [E vans, al, ] 931J. Repeated trials proved that glycogen and 
lactic acid contents of corresponding muscles carefully dissected out 
without twitching were nearly equal. To compare normal with ischaemic 
muscle, two or three muscles of one hindlimb were dissected out, cut on 
filter paper into two portions each—one for glycogen and the other for 
lactic acid estimation—and analysed. The animal was killed by incising 
the heart, placed in an incubator at 40^^ for 1 or 2 hours and the other 
hindlimb then used in the same way. In the case of dogs, an alternative 
method was also used: the tibialis anticus, for example, was removed, 
bleeding being controlled by an assistant, and cut rapidly into four 
pieces, two of which were used at once for glycogen and lactic acid and 
the others placed in stoppered bottles in an incubator at 40'^ C. for 1 or 
2 hours before being subjected to analysis. This gave satisfactory results, 
as it was found that the glycogen and lactic acid distribution throughout 
the muscles used was practically uniform. Liquid oxygen technique was 
used in several experiments. 

Methods, 

Glycogen was estimated as glucose by the alcohol-KOH-alcohol 
method as used by Macleod, glucose by the Shaffer-Hartmann, and 
lactic acid by the Friedmann, Cotonio and Shaffer method. 

Summary of results, 

1. Normal ischcemic muscle (rabbit: dog). The glycogen content of 
normal muscles (rabbits) varied from 0-20 to 0-50 p.c.; at the end of 
1 hour’s ischaemia from 0-10 to 0-20 p.c. and after 2 hours’ ischaemia from 
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0*07 to 0 * 16 p.c., while the lactic acid content increased from about 0*025 p.c. 
to nearly 0*10 p.c. in 1 hour and to 0*15 + p.c. in 2 hours’ ischaemia at 
body temperature. Generally, the amount of lactic acid which accumu¬ 
lated in the above periods did not account for all the glycogen which dis¬ 
appeared from the muscle. Kesults from muscles of normal dogs were 
similar, but the initial glycogen content was often above 0*5 p.c. and 
lactic acid below 0*02 p.c. 

2 . Diabetic ischcemic mmde (dog). Several muscles were used from 
each depancreatized dog (ten) (blood sugar 0*17 to 0*37 p.c.). The 
glycogen content was lower than in normal well-fed dogs, but the lactic 
acid content was of the same order. During ischsemia the behaviour of 
glycogen and lactic acid was similar to that for normal muscle except 
for a slow increase in lactic acid in the case of muscles from diabetic dogs 
in very poor condition and with low muscle glycogen ( 0*1 to 0*15 mg. 
p.c.). 
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Some properties of carbonic anhydrase, the CO2 enzyme present 
in blood. By N, U. Meldrum and F. J. W. Roughton. 

Blood corpuscles contain a catalyst which is exceedingly active in 
accelerating the formation of COg from bicarbonate solutions by weak 
acids. The catalyst, in fact, hastens up both reactions of the reversible 
process HgC-Og ^ HgO -f COg. Till recently it had been rather supposed 
that the catalyst was haemoglobin itself, but this we disproved two months 
ago by showing that the very pale filtrate obtained from ox-blood cor¬ 
puscles after precipitation of the haemoglobin by shaking with CHCI3 or 
CHCI 3 -alcohol mixtures had 50-80 p.c. of the activity of the original 
blood. For this new catalyst we have, at the suggestion of Eggleton, 
proposed the name “carbonic anhydrase,” since, as shown below, it is 
found to possess the usual properties of enzymes. 

More recently we have obtained the catalyst in solid form from the 
above filtrate, either by (a) alcohol-ether precipitation, or by (b) ultra¬ 
filtration followed by evaporation. 

Preparation (a) is a nearly white powder, scarcely soluble in water but 
soluble in 0 - 02 M NaHCOg on grinding. Preparation ( 6 ) is a reddish 
powder, easily soluble in water to a pale solution, which can be further 
purified by adsorption of the catalase present on Al(OH) 3 , followed by 
ultrafiltration and evaporation. 
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Activity of the various preparations. 

Preparation (a). 1 g. in 200 litres accelerated evolution of COg from our 
standard bicarbonate-phosphate mixtures (0*2ikf NaHCOg 4- 0*2il/ phos¬ 
phate buffer pH 6’8) five times. 

Preparation (6). 1 g. in 80 litres gave sevenfold acceleration. 

Haemoglobin purified by Adair’s method. 1 g.'in 10 litres gave ten¬ 
fold acceleration. 

Stability to temperature. 

Solution of preparation (6) in water and of lysed corpuscles were both 
stable to 30 minutes’ heating at temperatures of 66° and below, but were 
both destroyed by 30 minutes at 65°. 

Stability to at room temperature (20°). 

All preparations have proved very stable in the range pH 6-10. 
Preparation (b) and lysed corpuscles were both stable for 30 minutes at 
pH 11 (borate buffer) and pH 12 (iV/100 NaOH), but were destroyed at 
pH 13 (2V/10 NaOH). They were stable for 30 minutes in citrate- 
phosphate buffer ^)H 4, but were destroyed at^^H 3. 

Chemical properties, 

(i) Preparation {a) showed marked protein reactions (xanthoproteic, 
glyoxylic, Millon’s and sulphur test), and also gave slightly positive 
a-naphthol test. 

(ii) All the preparations of carbonic anhydrase free from haemoglobin 
have so far been inhibited by 0*001M HCN, O-OOIM HgS and by CO at 
atmospheric pressure in the dark. The CO inhibition is light reversible. 
These results suggest that the enzyme is of the Warburg “haematin” 
type. With unpurified solutions of haemoglobin^ however, the results have 
been conflicting, and the whole matter is still open. 

(iii) The enzyme is only partially (and variably) precipitated by 
saturation with (NH 4 ) 2 S 04 . This suggests that the enzyme, if a protein, 
is probably a rather small molecule. 


A new observation in the excitation of nerve and muscle. 

By W. A. H. Rushton. {Physiological Laboratory, Cambridge,) 

When a constant current passes through an irritable tissue a process 
develops which may culminate in excitation. This process can be in¬ 
vestigated by superposing brief shocks at various instants and observing 
the threshold intensity, as has been done by Bishop [1928] and 
Brianger and Blair [1931]. They worked with nerve and appear to have 
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restricted their observations to currents below the rheobase; in so far as 
brief constant currents are concerned, their results seem more or less 
consistent with a “condenser theory” of nerve excitation. 

The present observations arose out of investigations upon the “a 
substance” of muscle, but since they apply equally to nerve they will 
here be described upon that more familiar tissue. 



A constant current of given strength was passed through the nerve 
at various instants a very brief condenser discharge was superposed, and 
0*2 a afterwards the current was stopped. The figure shows the threshold 
strength of discharge (ordinates) at various instants (abscissa') from the 
start of the current. Each curve corresponds to a different current 
strength as indicated. The curves are of two kinds dependent upon 
cutting the horizontal axis or not, i,€, whether the current is greater than 
the rheobase or not. The upper set are those hitherto investigated and 
confirm former work, the lower set show invariably (in passing from left to 
right) first the anticipated concavity upwards, then a point of inflexion 
and finally a “dive” towards the axis. In no case in nerve or muscle (a) 
has the curve been concave upwards where it meets the horizontal axis. 
The rheobase (broken line) is the limiting boundary of the two classes of 
curves. It is unique until it reaches 2a or so, whereupon it branches as 
shown. Between the two branches is a region of instability in which no 
threshold point lies. 
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Further observations on the function of the Thebesian vessels 
in the mammalian heart. By G. Stella. 

In previous work [Stella, 1931] it was found that if the coronary 
arteries of a dog’s heart be suddenly occluded, while the heart continues 
to perform work, the outflow of blood from the coronary sinus comes to a 
standstill after 10-12 beats. The inference was then made that the cardiac 
veins do not receive any blood directly from the ventricles, through the 
Thebesian vessels, though in free communication with them. The Thebe¬ 
sian vessels, therefore, during the systolic rise of intraventricular pressure 
must be obstructed at some point. Since only the coronary sinus was 
drained, it was still possible that some outflow occurred from the minor 
coronary veins. Moreover, it was impossible to decide whether and how 
far blood could enter the Thebesian vessels themselves. It was still 
possible, in fact, that there might be a to and fro movement perhaps 
reaching as far as the capillaries, and capable of carrying on a moderate 
blood supply to at least some part of the cardiac muscle, thus affording 
an explanation for those recorded cases in man, of survival after total 
occlusion of both coronary arteries. 

In the present investigation the permeation of the Thebesian vessels 
by intraventricular blood was studied by colouring the latter with an 
easily visible dye, while direct penetration of the colour itself, via the 
aorta, into the coronary arteries was artificially prevented. In dogs, or 
cats, anfcsthetized with urethane-morphine, or urethane, with the chest 
wide open, under artificial respiration, both coronary arteries were 
suddenly tied; the aorta was also tied beyond the origin of the brachio¬ 
cephalic artery, and while the animal was being slowly bled through the 
latter, care being taken to keep the systolic intraventricular pressure 
fairly high, some c.c. of an 8 p.c. solution of Chicago blue were slowly 
injected into the left ventricle, or auricle. The blood coming out from the 
brachiocephalic was soon seen to be quite blue, but the surface of the 
ventricles and the superficial veins remained of their natural colour; the 
surface of the left auricle, however, particularly in the appendix, was 
soon seen to be blue. After 20-30 sec. the heart was brought to a standstill 
by means of a 10 p.c. KCl solution injected in the right auricle, and partly 
spread over the surface of the whole heart; after that, absolute alcohol was 
injected into the left ventricle, in order to precipitate all the dye which 
still remained in its cavity. At post-mortem there was no visible trace of 
colour in any part of the right ventricle. The left ventricle was, of course, 
very blue all over its endocardial surface, but cuts made in different parts 
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of its walls showed that the coloration did not penetrate more than 1 or 
2 mm. Similar experiments were repeated, injecting the colour into the 
right ventricle, with practically the same results. Microscopic observa¬ 
tions will subsequently be made of the route followed by the dye, in order 
to decide to what the small penetration of colour referred to above is due. 

For the present it seems justihable to conclude that if penetration 
does occur under these experimental conditions into the Thebesian vessels, 
it is a very limited one; it does not reach the veins, and leaves the great 
mass of the heart muscle completely unsupplied. 

REFERENCE. 
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The co-ferment activity of adenylpyrophosphate in lactic acid 
fermentation. By T. H. Milroy. 

Recent work by Meyerhof and Lohmann [1931 a, 6] has directed 
attention to the part played by adenylpyrophosphate (or adenosine- 
triphosphate) as the organic component of the co-ferment of lactic acid 
fermentation. In this brief preliminary communication attention will be 
directed to the action of this body at low temperatures and also to the 
part which it plays in ferment extracts from muscle in a state of action 
rigor (monoiodoacetate poisoning) or from muscle undergoing post-mortem 
changes. Ferment extracts were inactivated either by repeated extrac¬ 
tion of rabbit’s muscle and preserving the extracts for some time at low 
temperatures, or by dialysis, or by a combination of both methods. When 
adenylpyrophosphate or certain of its derivatives is added to such in¬ 
active extracts, reactivation, as shown by esterification and lactic acid 
production, occurs. 

Experiments were carried out at a low temperature (about 8°) because 
in this way the early changes in reactivation can be detected. The actions 
of adenosinetriphosphate (ap.) and its deaminated derivative, inosine- 
triphosphate (ip.) were both investigated. 

Action at 8^, A dialysed muscle ferment extract was added to a 
solution containing starch, orthophosphate and one or other of the two 
nucleotides, both solutions being at 8°. Within one minute the action was 
stopped by addition of trichloroacetic acid. The phosphorus distribution 
in the solutions before and after admixture was determined. Three 
analyses were made in each case, namely, the orthophosphate, the in- 
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crement in orthophosphate on 10' acid hydrolysis, and the total phos¬ 
phorus. The results were as follows (mg. P per c.c.): 

After mixing 

Before mixing (one minute’s action) 

(same for ap. and ip. ^ . - . ^ 

additions) With ap. With ip. 

“Ortho” 0-47 0*47 0-46 

10' acid hydrolysis 0*53 0*47 0*46 

Total 0*56 0*66 0-56 

The same amount of phosphorus (0-03 mg. per c.c.) was added in the 
form of ap. and ip. In this short interval at 8° there is no encroachment 
oil the '‘ortho'’ value, but in both cases the "pyro" portion originally 
present has passed into more stable form (hexose ester). Analyses at later 
periods show the progress of esterification and lactic acid production. 
Stated in terms of millimolar cCncentrations of P in ester form and lactic 
acid at later periods of incubation (8°). 



25' 

With ap. 
60' 

17 hr. 

25' 

With ip. 
60' 

17 hr. 

Ester 

2-3 

4 1 

20 

Ifi 

2‘9 

21 

Lactic acid 

1-4 

2-7 

9-2 

10 

1-7 

6-5 


At higher temperatures (18*^, 25°, etc.) the same changes are to be 
observed but occurring within shorter periods. The earliest change, dis¬ 
appearance of the “pyro" fraction, has only been observed in cooled 
mixtures. 

The action of ferment extracts from muscle undergoing post-mortem 
changes and from muscles in a state of action rigor (monoiodoacetate) 
has also been studied. Inactive extracts of the former may be readily 
re-activated both as regards esterification and glycolysis by the addition 
of the pyro-nucleotides. Dialysed inactive extracts of monoiodoacetate 
muscle can readily be re-activated, so far as esterification is concerned, 
by addition of adenosine triphosphate, but only very slight, if any, lactic 
acid production is brought about. If the monoiodoacetate muscle ex¬ 
tracts have not been completely inactivated by dialysis or otherwise, the 
addition of adenosine-triphosphate will not only increase esterification 
but will also bring about a slight increase in lactic acid production. Such 
extracts never recover the glycolytic power of normal muscle extracts 
whether the co-ferment addition is boiled extract of normal muscle or 
any of the nucleotides or their derivatives. The disturbance in the ferment 
system in this form of poisoning is certainly not solely in the co-ferment, 
but also in the colloidal non-dialysable component. 

REFERENCES. 

Meyerhof and Lohmann (1931 a). Biochem. Z, 237, 437, 445. 

Meyerhof and Lohmann (1931 6). Ibid, 241, 50. 



PROCEEDINGS 

OF THE 

PHYSIOLOGICAL SOCIETY, 

June 11 , 1932 . 

Distribution of lactate between blood corpuscles and plasma. 

By S. C. Devadatta. {Physiology Dept,, Univ. of Edinburgh,) 

Both oxygenated and reduced blood were subjected to different 
pressures of carbon dioxide: as the pressure of carbon dioxide was in¬ 
creased the ratio of concentration of lactate in corpuscles to that in 
plasma increased. For the same pressure of carbon dioxide the lactate 
ratio c/p was higher in reduced blood (0*80) than in oxygenated blood 
(0*45). In other words the concentration of lactate in the corpuscles of 
venous blood (9 mg. per 100 g.) is greater than in those of arterial blood 
(6-8 mg. per 100 g.), the concentration of lactate in whole blood being 
10*8 mg. per 100 g. Therefore in each respiratory cycle there is a to and 
fro lactate shift—about 8 p.c. of the amount of lactate present in blood 
takes part in this to and fro shift. 

Concentration of lactate in whole blood. When the concentration of 
lactate in whole blood is low, the concentration of lactate in the cor¬ 
puscles is about 75 p.c. of that in plasma. There is a progressive drop in 
the lactate ratio c/p as the concentration of lactate in whole blood 
increases after exercise. In fatigued subjects the lactate ratio c/p drops 
to 0-50. 

Neutral sodium lactate solution was added to blood maintaining the 
osmotic pressure, the pH and the percentage of the corpuscles constant; 
the same effect was observed. As the concentration of lactate in plasma 
increases, the increase is in the corpuscles as well but not to the same 
extent. The lactate ratio c/p drops to 0-30. 

If lactic acid was used instead of sodium lactate in experiments of 
this type, the change in the c/p ratio was slightly less for equal increases 
in lactate content. This is attributed to neutralization of the acid by 
hfiemoglobin. 

The lactate ratio c/p 0*50 in fatigued subjects is due to the combined 
effects of all three factors above mentioned. If blood treated with lactic 
acid is equilibrated with a high pressure of carbon dioxide (150 mm. Hg), 
the lactate ratio c/p rises from 0-36 to 0-50, which is that of fatigued 
subjects. 
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Rate of aaturation of goat’s tissues with excess gaseous nitrogen 
during exposure in vivo to increased atmospheric pressure. 

By J. Argyll Campbell and Leonard Hill. {Preliminary Com¬ 
munication.) 

We have investigated the rate of saturation in vivo of goat’s brain, liver 
and bone marrow with excess gaseous nitrogen under + 3, + 4 and + 5 
atmospheres pressure. Some results for fatty bone marrow (about 90 p.c. 
fat) during exposure to -f 3 atmospheres pressure of air are shown in the 
chart. The marrow is about 25 p.c. saturated in 1 hour, 60 p.c. saturated 



in 4 hours and 90 p.c. saturated in 8 hours. This slow rate of saturation is 
due to the low blood supply to fatty marrow and the slow rate of diffusion 
of nitrogen through this tissue. 

The nitrogen in the marrow is estimated with the method previously 
described [Campbell and Hill, 1931]. The goat is killed and the marrow 
placed in the special apparatus and thus shut off from the external air 
before decompression. The apparatus gives accurate results, when tested 
against gas pumps, for nitrogen in solution in various fluids, e.g. water, 
olive oil, liquid paraffin, acetic acid, formic acid. 

The nitrogen contemt of the marrow under normal atmospheric 
pressure is estimated from the fat content and the fact that pure marrow 
fat contains about 5 c.c. of nitrogen per 100 c.c. of substance and the 
remaining tissue about 1 c.c. per 100 c.c. under normal conditions, 
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The effecte of adrenaline and ephediine upon certain tissue gas 

tensions. By J. Argyll Campbell. (National Institute for Medical 
Research,) 

The gas tensions under the skin and in the abdominal cavity were 
estimated as previously described [Campbell, 1924]. The rabbits (about 
2 kg.), which were not anaesthetized, were tested with a subcutaneous 
injection of ephedrine sulphate and a week later with adrenaline chloride. 
The tensions recorded in Tables I and II were obtained about hours 
after the injection of the drugs. Omitting the figures for Rabbit No. I, 

Tabus I. Effect of hypodermic injection of ephedrine sulphate upon tissue gas tensions. 

COt tensions mm. Hg Of tensions mm. Hg 


."'A r ■ .. " ■ 

Skin Abd. cav. Skin Abd. cay. 


Babbit 

Dose 

.- ^ 

Before 

After 

^ . A. 

Before 

After 

.-^ 

Before 

After 

^_ K. 

Before 

After 

no. 

mg. 

inj. 

inj. 

inj. 

inj. 

inj. 

inj. 

inj. 

inj. 

I 

2 

58 

49 

64 

49 

23 

28 

34 

34 

II 

4 

49 

49 

48 

47 

21 

26 

39 

41 

III 

17 

52 

49 

60 

49 

23 

29 

34 

38 

IV 

53 

56 

61 

52 

47 

19 

23 

38 

40 

Average 


54 

49 

61 

48 

21 

26 

36 

38 


Table II. Effect of hypodermic injection of adrenaline chloride on tissue gas tensions. 

CO, tensions mm. Hg 0, tensions mm. Hg 

-!-A-^ -A-^ 

Skin Abd. car. Skin Abd. cay. 


-A_, ,_A_, ^_A_. ^_A. 


Rabbit 

Dose 

r 

Before 

After 

Before 

After 

r‘ 

Before 

After 

Before 

After 

no. 

mg. 

inj. 

inj. 

inj. 

mj. 

inj. 

inj. 

inj. 

mj. 

I 

2 

60 

118 

50 

140 

22 

1 

35 

10 

(died) 

II 

1 

52 

59 

51 

53 

21 

12 

37 

34 

III 

2 

49 

65 

50 

58 

20 

13 

30 

24 

IV 

2 

67 

85 

53 

62 

15 

4 

38 

28 

Average ) 

(livins 


62 

69 

51 

58 

19 

10 

35 

29 

animals) 1 


which died under the effects of adrenaline chloride, it will be noted that 
whilst this substance produced an average fall of oxygen tension of 
9 mm. Hg under the skin and of 6 mm. Hg in the abdominal cavity, 
ephedrine produced an average increase in oxygen tension of 6 mm. Hg 
under the skin and of 2 mm. in the abdominal cavity. Further adrenaline 
increased the carbon dioxide tension by 17 mm. Hg under the skin and 
by 7 mm. Hg in the abdominal cavity, whereas ephedrine decreased this 
tension by 6 mm, Hg under the skin and by 3 mm. Hg in the abdominal 
cavity. The results with adrenaline are characteristic of constriction of 
blood vessels and those of ephedrine are characteristic of dilatation. The 

c2 
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conclusion is that the distribution of blood is different under the influence 
of the two drugs. Chen and Schmidt [1924] found that the cutaneous 
vessels were dilated by ephedrine; at the same time those of the kidney 
and intestine were constricted, 
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The excretion of urea by the elasmobranch and mammalian 
kidney. By J. D. S. Cameron. 

Xanthhydrol as a precipitant for urea was first suggested by Fosse. 
It has since been used by Policard, Chevalier and Chabanier, 
Stiibel, Oliver, Piraa, Walter, and Hollman to demonstrate the 
excretion of urea. The results obtained by these workers were inconclusive 
and were applicable to a comparatively limited range of animals. 

In the series of experiments reported, a comparative study of the 
excretion of urea has been attempted. Use has been made of the kidneys 
of elasmobranch fishes (skate and dogfish), frogs, rats, mice, guinea-pigs, 
rabbits, cats, dogs, monkeys and man. 

The results obtained in the elasmobranchs varied with the demands 
placed upon the kidneys. In the kidneys of fish killed immediately on 
removal from sea water, dixanthylurea crystals were found in the 
glomerular capsules, lumina of tubules, blood vessels and interstitial 
tissue. In those injected with urea the tubular epithelium also showed 
crystals. 

In the kidneys of all the mammals employed abundant crystals were 
seen in the glomerular capsules, tubule lumina, blood vessels and inter¬ 
stitial tissue, but in no kidney were crystals found in the tubular 
epithelial cells. This applied to injected and uninjected animals and to 
pathological conditions in man in which the blood urea concentration 
was raised to levels varying from 105-320 mg. per 100 c.c. 

In elasmobranch physiology urea plays a double role—acting as a 
medium of nitrogen excretion and as the regulator of blood osmotic 
tension. In the mammal it serves the first function only. The excretion 
of urea is consequently of greater urgency in the elasmobranch than in 
the mammal, and to this fact is attributed the difference existing 
between the mode of action of the kidney as regards urea in the elasmo¬ 
branch and in the mammal. 
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The tolerance of medullladrenalectomized and adrenalectomised 
rabbits to intravenous injections of i^lucose. By Chables Beid. 


The usual dosage and routine adopted were practically similar to 
those used by Orr-Ewing [1931], i.e, 1*0 g. glucose per 100 c.c. blood 
volume as calculated by the formula of Dreyer and Ray [1911] was 
injected into the ear vein from an accurate 5 c.c. syringe. 


Blood volume in c.c. 


Weight in g. 0-72 


(1) Medulliadrenalectomized rabbits. This series comprised 15 rabbits. 
Their glucose tolerance was determined by repeated tests in each rabbit 
(fasting) before operation and after the second operation for destruction 
of the medulla by scraping or cauterization. On the whole, the slightly 
more rapid fall towards the pre-injection level of the blood sugar in the 
course of 1 to 1J hours in the medulliadrenalectomized rabbits suggested 
that in the absence of or with the decreased amount of adrenaline in the 
body the sugar tolerance of the animals was slightly raised. This series 
of observations, however, requires further study. 

(2) Adrenalectomized rabbits. This series also comprised 15 rabbits. 
Glucose tolerance tests were done as for (1) with the usual interval of 
from 2 to 4 weeks between the aseptic adrenalectomies on each rabbit. 
Glucose tolerance was increased after the second adrenalectomy, the 
blood sugar having increased about 60 to 90 mg. p.c. 15 minutes after the 
injection as compared with an increase of from 100 to 140 mg. p.c. for 
the rabbits before operation. Three rabbits of the series gave indefinite 
results, all females, of which two had become pregnant before being 
segregated for the series. 
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Nerves of the epidermis. By M. H. Kidston and D. Waterston. 

Thin sections of epidermis can be cut from the fingers or other parts 
of the surface without any pain, the level of the section extending down 
to the stratum mucosum. 

Examination of portions thus removed has shown that nerves have 
been divided and their terminals can be seen among the epithelial cells, 
similar to those which have been described from sections of the entire skin. 
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It is concluded that the nerves of the epidermis are nerves of the 
specific sense of touch and do not convey impulses which cause pain, 
and therefore are in the same category as other nerves of special sensation. 

The activity of the optic ganglion of Dytiscus marginalie. 

By E. D. Adrian. 

Hartline and Graham [1932] have recently published records of 
the discharge of impulses in the optic nerve fibres of Limulus. These 
fibres lead directly from the photoreceptors and their activity is not 
complicated by synaptic effects in the retina. The impulse discharges in 
each fibre agree very closely with those in the sensory fibres from other 
kinds of receptors, e.y. the stretch receptors in frog’s muscle. 

It is interesting to compare these results with records from the optic 
nerve of the water beetle {Dytiscus marginalis)^ for this nerve leads from 
the optic ganglion at the back of the eye and the discharge in it bears 
evidence of interaction, as in the vertebrate optic nerve. This is shown by 
the appearance of synchronous or grouped discharges in which the im¬ 
pulses in different fibres occur in definite groups instead of independently 



Fig. 1. Impulses in optic nerve of Dytiac u8 showing the tendency to grouping; A, light turned 
on suddenly; B, another preparation, light on for three seconds. The visual field was 
not uniformly illuminated and the grouping is incomplete. Condenser coupled amplifier 
with 0 005 mf. coupling condenser to exclude slow changes. Time marker (white lines) 
gives 0*26 sec. intervals. 

(Fig. 1 A and B). The conditions which favour this type of activity are 
(a) even illumination of the visual field, and (6) a bright light or a sen¬ 
sitive (dark adapted) eye, but neither is essential. 

The groups of impulses are usually discharged at a rate of 16-18 a sec. 
and each is accompanied by a slow potential change. When a direct- 
coupled amplifier is used the slower changes appear as a smooth curve on 
which the impulses are superimposed, the discharge occurring as the 
ganglion electrode develops a negative potential (Fig. 2 A). Slow waves 
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at 5-6 a sec. may appear when the eye is in darkness (Fig, 2 B), but there 
is then only an occasional impulse in the nerve, as though there were 



Fig. 2. Slow potential changes: A, daring even illumination; B, in darkness. In A the 
impulses appear as the optic ganglion becomes negative. Direct coupled amplifier, 
upward movement of shadow when distal electrode (on ganglion) is negative. Time 
marker gives 0*25 sec. 

a change of potential in the ganglion too slow to excite the nerve fibres. 

Fig. 3 shows the effect of increasing illumination. 



Fig. 3. Effect on slow changes of increasing light: A, sudden illumination; B, another pre 
paration, gradual increase of light causing development of waves. Condenser coupled 
amplifier (1 mf. condenser). Time marker (0-26 sec.) same in both records. 

This kind of activity resembles that first shown by Frohlich [1913] 
in the cephalopod optic nerve and later by Adrian and Matthews [1928] 
in the eel. The slow changes recall the slow respiratory waves in the 
abdominal ganglia of Dytiscus [Adrian, 1931], but here the structures 
are so small that it is hard to say where the effect is developed. 
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The pacemaker of the mammalian heart. ByP. Rijlant. {Brussels.) 

The action current of the pacemaker of the mammalian heart has 
been recorded by the string galvanometer [Rijlant, 1925; Athanasiu, 
1926], but the records did not allow any further study of this activity. 

Latterly the E r 1 a n g e r and Gasser cathode ray oscillograph has been 
used, and evidence obtained as to the complex and oscillatory activity of 
the pacemaker both in the heart in situ and in the isolated auricle. 




Dog.—Cliloralosane. Heart exposed. Electrodes in the presinus region. Throe successive 
normal beats: 1, presinus wave, 2, 3 and 4, sinus waves. The series of waves have the 
same shape and duration in successive beats, 

A series of electric changes were observed, the first wave being somewhat 
individualized. This initial activity was called ‘‘presinusal,** and the 
following ones “sinusal” [1928]. 

Recent observations of Bradley Patten on the development of the 
bird embryo indicate that in certain stages of the development the heart 
beat starts in the duct of Cuvier, and then is propagated to the sinus, 
auricles and ventricles. The activity of the sinus venosus appears in later 
stages of the development. These observations of Bradley Patten can 
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be compared with the findings in the mammalian heart. The presinus 
where the beat starts is the embryological equivalent of the duct of 
Ouvier, and the Keith Flack node is the remnant of the sinus. 

The activity of the pacemaker of the mammalian heart has been 
explored further by using a method of continuous cathode ray oscillo- 
graphy; by this means successive cycles of the heart activity may be 
recorded and their characteristics compared. 

In the intact heart, in situ, of the dog, cat or rabbit, two electrodes 
are thrust into the sinus and presinus. The action currents are amplified 
500,000 to 5,000,000 times and lead to a cathode ray oscillograph. 
Continuous records are made at a speed averaging 50 to 125 cm. a second. 

In these records a pre-auricular action current is observed; its begin- 
ning precedes the auricular action current by about 5 to 20 a. This interval 
can be increased to 2000 * by cooling the heart; partial or total sino- 
auricular block may be observed in these circumstances. 

These results, from the study of successive cardiac cycles, corroborate 
our earlier experiments. The series of waves corresponding to the activity 
of the “presinus” and “sinus” have the same shape in successive beats, 
and their different component waves maintain the same height and direc¬ 
tion. 

Under normal circumstances, the action current of the pacemaker 
(presinus and sinus) is composed of a series of electrical changes of constant 
shape and duration. 

The activity of the pacemaker of the mammalian heart is due to the 
summation of a series of activities localized in the different parts of the 
pacemaker. 


Calcium chloride aciduria. By P. W. Clarkson. (Physiology 
Dept,, Univ. of Edinburgh.) 

The aciduria induced in a human subject by oral administration of 
calcium chloride was studied quantitatively by measurements, in suc¬ 
cessive urine samples, of (a) pH (hydrogen electrode), (6) the inorganic 
phosphate content, (c) the titration value with NaOH and HCl to phenol- 
phthalein and methyl red respectively. The normal pH of the subject’s 
urine during the fasting condition was 6*1. 1 g. of CaCl 2 fiHjO adminis¬ 
tered in solution produced a change to about 5*8 in 2 hours, the effect 
then passing off in about the same time. A dose twice as large produced 
a change to pH 5*1 in 6 hours, falling thereafter. A dose of 20 g. produced 
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its maximum effect in the same time, but the intensity was greater, a 
pPL of 4*6 being reached. 

The buffer value of the urine (titration range between methyl red 
and phenolphthalein) was usually accounted for in large measure by the 
inorganic phosphate content (confirming Leathes). Administration of 
creatine by mouth in doses of 10 g. has been found temporarily to 
inhibit the excretion of phosphate, the effect passing off in 3-4 hours. 
This confirms the experience of Brown and Imrie dealing with anaesthe¬ 
tized cats. A dose of 1 g. of CaCl 2 , followed 90 minutes later by 10 g. of 
creatine, produces an aciduria comparable in extent and duration with 
that resulting from 20 g. of calcium chloride alone. This enhancement is 
attributed to the lessened buffering power of the urine deprived of 
phosphate. 


The effect of thyroid and anterior pitnitary on the thyroid and 

teetis of the rat. By Y. Sidki. (Physiology Depty Edinburgh.) 

Extracts of thyroid and anterior pituitary lobe were administered 
both subcutaneously and by the mouth. The amounts given were 
thoroughly mixed into a well-balanced diet rich in vitamines. The 
amounts given to each animal were 0-06 g. of dried thyroid and 0‘1 g. of 
dried anterior pituitary in the form of extracts. Subcutaneous injections 
were given to other animals every other day. The effect of thyroid feeding 
on the testis was to produce degeneration of the seminiferous tubules, the 
epithelium almost completely disappearing. The interstitial cells showed 
hypertrophy. The effect of anterior pituitary feeding was to produce 
slightly increased spermatogenesis and indications of degenerative changes 
in the interstitial tissue. Administered hypodermically a similar effect is 
produced on the testis, but the effect is less evident than with feeding. This 
may possibly be due to the smaller amount of extract administered. The 
effect of thyroid administration on the thyroid gland was to cause the 
appearance of inactivity of the vesicles, which are greatly distended with 
colloid, their epithelium being much flattened and sometimes hardly 
visible. Feeding with anterior pituitary, on the other hand, causes the 
appearance of increased activity. The vesicles are small and contain little 
colloid and their cells are cubical or columnar. Administration by injection 
exhibits similar effects, but they are less marked* The results are illus¬ 
trated by microscopic sections stained by Heidenhain’s hsematoxylin, and 
some counterstained with chromotrope. The thyroid is stained with anilin 
blue and orange 0. 
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Mufcular tonus in man. By P. Rijlakt. {Brussels.) 

The action currents of human muscles during voluntary contraction 
have been recorded by Adrian, but no electric changes were observed in 
the quiescent muscle. Buytendijk, Liddel and Fulton, Dusser de 
Barenne,Wachholder,RademakerandHoogerwerf,and Adrian, 
recorded the action currents of the muscles of the cat during decerebrate 
rigidity. 



Man.—^Extensor digitorum communis. Tracing 1, normal tonus waves. Tracing 2, the 
muscle is shortened: no tonus waves. Tracings 3, 4 and 5, progressive rettim to normal 
length of the muscle (normal tonus waves in 5). Tracings 6 and 7. progressive 
lengthening of the muscle. Tracing 8, progressive shortening of the muscle. 

The electric activity of muscle can be recorded by the cathode ray 
oscillograph. Two steel needles are thnist into the muscle, through the 
skin, and connected to the input of an amplifier. The action currents, 
amplified 600,000 times, are led to a cathode ray oscillograph and the move¬ 
ments of the spot are recorded on film or bromide paper moved at uni¬ 
form speed. The experiments were made on man and on cats. 

Electric changes can be recorded from all relaxed muscles either 
extensor, flexor, adductor or abductor; if very few fibres are active the 
impulses form single series of uniform amplitude and frequency. The 
average frequencies observed range between 10 and 20 a second in the 
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extensor digitorum communis, biceps and quadriceps of man. In the 
relaxed muscle very few muscle fibres are active simultaneously. 

During progressive lengthening of an extensor or flexor muscle fresh 
series of impulses appear, due to the activity of new groups of fibres, and 
the frequency of the initial series of discharges increases up to a maximum 
of from 50 to 60 a second. 

Simultaneous lengthening of two antagonistic muscles increases 
simultaneously their electric activity. The normal activity is restored 
when the muscle is relaxed. 

Shortening of a muscle diminishes the frequency of the single series of 
impulses, diminishes the number of active fibres and diminishes the height 
of single impulses. During considerable shortening no appreciable activity 
can be recorded. 

Adrian has recorded regular series of impulses in human triceps 
during voluntary contraction. These electric changes can be compared 
with those due to the activity of the resting muscle. During voluntary 
contraction series of impulses of increasing frequency appear but do not 
interfere with the initial activity of the muscle. These new series of im¬ 
pulses have the same height and initial frequency as the series of impulses 
of the quiescent muscle but originate in other fibres; their frequency is 
rapidly increased to from 50 to 80 a minute. During voluntary contrac¬ 
tion no inhibition of the electric changes which occur in the resting 
muscle can be observed, but when the contraction is released these changes 
disappear during 1 to 2 seconds and then are progressively restored. 

During voluntary contraction of a muscle the electric changes dis¬ 
appear in the antagonist muscle; when the contracting muscle is relaxed 
the inhibited muscle recovers its activity which is considerably increased 
during 1 to 2 seconds. 

These experiments are wholly confirmative of the findings of Sher¬ 
rington and Adrian on the decerebrate cat. They show that in every 
resting muscle in man electric changes can be recorded, and that this 
resting activity can be increased or diminished by lengthening or shorten¬ 
ing of the muscle. This activity is not inhibited during voluntary con¬ 
traction of a muscle but is inhibited during 1 to 2 seconds when the muscle 
is released; it is inhibited in the antagonistic muscle. 
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DilTerence between the retentions of calcium and phosphorus 
as a fhctor in the production of infantile tetany. By F. J. Ford, 
S. 6. Graham and Noah Morris. (Biochemical Laboratory, Depart- 
ment of Medical Pcediatrics, Univ. of Glasgow,) (Preliminary com¬ 
munication,) 

Recent experimental work by Hess and others [1931] seems to 
indicate that an important factor in the onset of tetany in rachitic 
animals is an increase in the retention of phosphorus without corre¬ 
sponding increase in that of calcium. Rominger and his co-workers 
[1931] assert that infantile tetany, so commonly associated with rickets 
in the young child, is also due to relative increase of phosphorus over 
calcium retention. In two children, E. B. and J, W., both the subjects of 


Daily retention of CaO and PtO* in mg. per kilo per day 



Time in weeks 
Fig. 1. 


active rickets, and E. B. with latent tetany, calcium and phosphorus 
retentions were determined before and after the administration of 
vitamin D (adexolin). The retentions of calcium and phosphorus, which 
in both instances were increased, ran parallel to one another, although 
in E. B. signs of latent tetany did not disappear till 16 days after vitamin 
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D was commenced. Fig. 1 shows the result in E, B. Phosphate was 
administered to two children: W. B. who had marked osteoporosis, was 
given NaH 2 P 04 and J. W. with healing rickets received Na 8 HP 04 over 
a period of 3 weeks. In both cases the retention of phosphorus was 
markedly increased, while the retention of calcium remained subnormal, 
but there was no evidence of tetany latent or active. 


Table I. Effect of phosphate ingestion on oaloium and phosphorus retention. 

Retention in mg. per kg. per day 


Case I (W. B.) 

Before giving phosphate 
NaHtP54 g. 2‘5 daily 


CaO 

- 93 
+ 4 


P.O5 

- 9 
+ 178 


Case II (J. W.) 

Before giving phosphate +123 +166 

Na,HP 04 g. 3 0 daily - 16 +207 


From these results it would seem that in the pathogenesis of infantile 
tetany associated with rickets, excess retention of phosphorus is not a 
prime factor. 


Two of us (N. M. and S. G.) are in receipt of personal grants from the Medical Research 
Council to whom we express our thanks for defraying the expenses of this research. 
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Blood cholesterol and red blood cell fragility following bilateral 
adrenalectomy. By Charles Reid. 

Numerous investigators have attempted with indifferent success to 
connect the adrenal glands with lipoid metabolism by blood cholesterol 
estimations before and after adrenalectomy, but the influence of the 
resulting hsemoconcentration which may follow bilateral adrenalectomy 
in many cases has not been taken into account in their assessment of the 
results. 

Accordingly, blood cholesterol (Leiboffs method as described by 
Hawk [1931]) was determined in 20 rabbits by repeated observations in 
duplicate extending in each over a period of several weeks. Their adrenal 
glands were removed with intervals of 3 to 4 weeks between the opera¬ 
tions, the blood cholesterol being determined several times between the 
operations and after the second operation at intervals of several days, and 
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the hsemoconoentration controlled at the same time by determinations 
of specific gravity, total solids, p.c. haemoglobin and enumeration of red 
blood cells per cm. No significant variation in the blood cholesterol 
content, not observed before the operations, occurred after the fiirst and 
second operations except such as could be accounted for by the increased 
concentration of the blood observed in a number of the rabbits after the 
second operation. 

Red blood cell fragility appeared to be slightly decreased in a number 
of cases after the removal of the second adrenal, heemolysis occurring in 
0-5 p.c. saline before operation and in 0*45 p.c. saline after operation. 

REFERENCE. 
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The sensitisation of the guinea-pig’s uterus to pltuitrln. By 

B. E. liiLiNOWORTH, P. G. Marshall and J. M. Robson. {Macaulay 
Laboratory, Institute of Animal Genetics, Edinburgh.) 

The reactivity of the isolated guinea-pig’s uterus to pituitrin is 
increased by the addition to the bath of 

(1) a- and protein-free preparations from late and early pregnancy 
urine containing gonadotropic substances and made by alcohol pre¬ 
cipitation; 

(2) Preparations as in (1) boiled for several minutes (which destroys 
gonadotropic hormones); 

(3) Similar preparations made from the urine of non-pregnant women 
and containing no detectable amounts of gonadotropic substances. 

Sensitization has been obtained by the addition to the bath (100 c.c.) 
of 0*25 mg. of substance (obtained from pregnancy urine) containing 
50 luteinizing units. In other experiments even larger doses of gonado¬ 
tropic substance were without effect. The sensitization is not due to 
changes in pH and persists after change of solution. It is concluded that 
the sensitization is not due to gonadotropic hormones, and that the 
factor responsible for it is not specifically excreted during pregnancy. 
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Experiments on fhe temperature coefficient of heart activity. 

By H. Taylor and B. P. Wiesner. (Macaulay Lahoraiory, Institute 
of Animal Genetics, Univ, of Edinburgh.) 

It has been shown that the young rat for the first few days of its life 
is poikilothermic; this makes it a suitable material for the study of the 
temperature coefficient of the heart. It can be kept for a considerable 
time at 0° and on warming up shows no ill effects. The heart rate haa 
been recorded by means of an amplifier, the electrodes being two very 
thin copper wires placed in or near the heart. The temperature of the 
animal has been recorded by a copper-constantine couple, one junction 



in the rectum and one in the thorax. The animal was anaesthetized by 
0*5 milligram of dial and immersed in water at various temperatures. 

The graph shows the relationship between the log of the rate and the 
reciprocal of the absolute temperature. On cooling down from 38*^ a 
straight line is obtained up to approximately 23° when there is a sharp 
break, after which the curve again goes in a straight line from 21° to 15°. 
The lower values cannot be fitted on to a line and are apt to be irregular. 
The ventricle appears to stop completely about 5°. On re warming the 
heart begins to beat again at approximately 7°, but below 12° the rate 
is difficult to estimate owing to arrhythmia. On the heating-up curve 
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there is discontinuity at 18®, but afterwards the graph runs straight to 
38® at which place the cooling curve is cut. 

In some animals the cooling curve does not show discontinuity at 23® 
but gives a straight line to 10® as shown by the dotted line in the diagram. 

The stoppage of the heart at low temperatures and the return of the 
beat on warming can also be demonstrated by transillumination. 


fiome fhctors affecting the development of the testis. By J. M. 

- Robson and H. Taylor. {Macaulay Laboratory, Institute of Animal 
I Genetics, Univ. of Edinburgh.) 

Reports of experiments with the gonadotropic hormones from preg¬ 
nancy urine on testicular size generally agree that these hormones 
accelerate the growth of the testicle. Pituitary extracts are also supposed 
to have the same effect. 

In the experiments reported here the effects of implantation of 
anterior pituitary lobe substance into rats have been noted. The animals 
were 3 or 4 weeks old at the beginning of the experiments and were 
implanted on alternate days with 50 mg. of bovine pituitary, except for 
the first three implantations when 25 mg. were given. The implantations 
were spread over a period of 3 to 6 weeks in different experiments. 
Qiiinanil was added to prevent sepsis and litter mate controls were used 
in each case. The results have in all cases been treated statistically. The 
size of the testicles in the experimental animals was definitely less than 
that in the controls; there was no appreciable effect on the body weight. 
In one experiment 19 animals were implanted for 6 weeks. The average 
weight of the testicles at the end of the experiment was 0*488 g. as 
compared with 1*038 g. for a similar number of litter mate controls. 

In all the animals there was a marked increase in the size of the 
suprarenals. In the series given above the suprarenals in the experi¬ 
mental animals averaged 0*025 gm. against 0*017 g. in the controls. 
This suggested some possible relationship between the suprarenals and 
the testicles, and implantation of adrenaline-free suprarenal tissue was 
found to inhibit the growth of the testicles; the suprarenals also became 
enlarged. Adrenaline-free cortical extracts (prepared by the method of 
S wingle and P f if f ner) also caused retardation of testicular growth with 
a very slight increase in suprarenal weight. Histological examination of 
the material is in progress. 
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The eiTect on certain endocrine organs of feeding with liver and 
with ventriculin after bleeding. By Esther A. Michael 
(Physiology Dept,, Univ, of Edinburgh.) 

Cats were rendered anaemic by repeated bleeding from the ear-vein. 
The animals were then divided into tliree batches, one to serve as con¬ 
trol, one to be fed with raw liver and one with ventriculin (P.D. and Co.). 
They were kept on this diet for five weeks, then killed and certain of the 
endocrine organs removed and examined histologically and experir 
mentally. Most of tlie sections were treated by ordinary routine stainf^. 
In addition some of those of the pituitary were stained with eosine ar‘i 
methylene blue [May and Griinwald] and thyroids with modified azan 
The suprarcnals were fixed in osmic vapour [Cramer's method]. 

Evidence was obtained that the anterior lobe of the pituitary, the 
thyroid and the suprarenal medulla are stimulated to increased activity 
by both liver and ventriculin. The anterior lobe of the pituitary showed 
an increase of basophils with a corresponding reduction of oxyphils, and 
these were smaller than normal. All the changes were better marked in 
the liver-fed animals than in those to which ventriculin was administered. 

The vesicles of the thyroids of both liver and ventriculin-fed animals 
were smaller than normal and irregular in shape with a diminished 
amount of colloid. The lining epithelial cells were cubical or columnar. 
In the azan-stained specimens the colloid of the ventriculin group was 
stained in some cases blue and in others orange. There was more blue 
than in the control. In the liver group the colloid was mostly blue (in¬ 
dicating activity). 

The suprarenal medulla of these animals showed definite changes. 
In the normal condition osmic stained adrenal medulla shows cells of 
two different tones of staining—one black and the other grey, both 
having clear turgid nuclei with fine greyish granules of adrenaline in the 
protoplasm, in the grey type in addition are found coarse black bodies— 
the globoid bodies of Cramer—considered by him to be either adrenaline 
or precursors of adrenaline. In the suprarenals of both ventriculin- and 
liver fed groups the cells contain fewer granules and the nuclei of some 
are small staining dark brown. In these cells the protoplasm has a less 
granular appearance. Some of the ceils are vacuolated. The capillaries 
are dilated. In the liver-group the blood in the veins contains greyish 
granules of adrenaline. 

The adrenaline content of the gland was determined by bio-assay. It 
was found in all cases that for injections of similar amounts of adrenaline 
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(P.D. and Co.) and of the extracts of the suprarenals of the experimental 
animals there was a distinct increase of blood-pressure as compared with 
the control gland. The total adrenaline was also estimated chemically; 
the results corroborated those obtained by the histological and experi¬ 
mental methods. 


The development of reactivity to gonadotropic hormones. By 

B.^P. WiESNKR. (Macaulay Laboratory, Institute of Animal Genetics, 
Unit), of Edinburgh,) 

(K number of female rats aged 0 to 2 days were iTijected with highly 
p iMfied preparations of gonadotropic hormones. It was found that the 
ovaiy of newborn rats does not react to any perceptible degree to 
<juantiti(\s sulficdent to produce oestrus or even pseudopregnancy in rats 
17 to 5() days old. 

Similarly, it was found that differentiation of the uterus, which occurs 
during the first 14 days of life, is not accelerated by the administration of 
the (ustrifying hormone. Reactivity to the (ustrifying hormone develops 
gradually. 


Effects of early oophorectomy in rats. By B. P. Wiesner. 
(Macmilay Laboratory, Institute of Animal Genetics, llniv, of 
Edinburgh,) 

Newborn female rats were oophorectomized. A method used pre¬ 
viously for the castration of males (immobilization by exposure to cold) 
was employed. The animals were operated on again at various ages aiul 
part of the uterus and vaginal wall was removed and kept for histological 
examination. The animals were then injected with gonadotropic hormones 
so as to detect any rest of ovarian tissue which hypertrophies after the 
administration of gonadotropic hormones. Cases in which it was detected, 
by this mt'thod, that oophorectomy had been incomplete, were eliminated. 

It was found that during the first 34 days of life differentiation and 
growth of the genital organs proceeds at a considerable rate. This differen¬ 
tiation is not impaired by oophorectomy to any detectable degree. 

The female rat differs thus from the male in which differentiation and 
growth of the genital organ is arrested by castration carried out im¬ 
mediately after birth. 
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The relation of the adrenals to anessthetic hyperglycemia* 

By Charles Reid. 

The conclusion of Rogoff and Stewart [3920] that the adrenal 
epinephrin output is not essentially concerned in the hyperglycsBmia 
induced by ether narcosis has been examined by three methods, viz. 
(1) direct, (2) comparative, (3) indirect. 

(1) Direct method. This consists in determining by repeated tests the 

glycsemic response, i.e. the increase in blood sugar, induced in a s^ies of 
32 well-fed rabbits, starved for 12 hours, by maintaining surgical anaes¬ 
thesia by open ether administration for 30 minutes, blood sugar b4ing 
estimated before and after induction of narcosis and at the end o^ the 
30 minutes’ period. * 

Subsequently the left adrenal gland was removed or its me'iulla 
destroyed by aseptic technique through the lumbar route and the series 
of rabbits again subjected to the same procedures as regards anaesthesia 
and blood sampling. 

After 2 to 4 weeks the right adrenal gland was removed or denervated 
and decapsulated or its medulla destroyed, and the effect of maintaining 
surgical anaesthesia on the blood-sugar level determined as before at 
intervals of several days following the second operation. Weight records 
were kept throughout. 

During ether surgical anaesthesia for 30 minutes the glycaemic re¬ 
sponse was greatest in normal, less in single-operated and least in double- 
operated rabbits, e.g. increases of the order of 120, 100, 50 mg. p.c. 
respectively being obtained. 

Operated rabbits are not perfectly normal animals. The absence of 
adrenaline or its immobilization by operation would prevent, during the 
stress of anaesthesia, the occurrence of adequate circulatory adjustments, 
in the absence of which the usual glycaemic response of the organism 
might be lacking, apart from the influence of a considerable decrease in 
the cortical tissue on the general well-being of the animal. This objection 
is partly met by data derived from the comparative and indirect methods. 

(2) Comparative method. The red-brown Belgian hare t 3 rpe of rabbit 
is much less susceptible to adrenaline injections than the albino Hima¬ 
layan type—as shown by the generally smaller glyceemic response of the 
former as compared with the latter (60 and 106 mg. p.c. respectively) to 
subcutaneous injections of adrenaline (0*15 mg. per kg. body weight)* 
The anaesthetic glycaemic response of these groups differed similarly, 
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being 50 and 150 mg. p.c. respectively at the end of 30 minutes’ surgical 
anaesthesia. 

(3) Irdirect method. This consisted in observing the glycaemic response 
to combinations of anaesthetics or narcotics. For example, morphine in¬ 
creased the blood sugar of rabbits and the body temperature rose, 
whereas amytal had little or no effect on the blood-sugar level but the 
body temperature fell. Morphine hyperglycaemia according to Rogoff 
and Stewart [1922] is dependent on intact adrenals and the centre con¬ 
trolling the exhaustion of adrenaline under anaesthesia is situated ac¬ 
cording to Elliott [1912] close to the bullar vaso-motor centres. A rabbit 
anaesthetized with amytal and tracheotomized shows a glycaemic response 
of the usual order to adrenaline (0*15 mg. per kg.) but little or none to the 
minimal effective dose of morphine. Similarly for ether, e.g, a rabbit or 
dog, amytalized first and given ether through a respiratory pump in the 
percentage necessary to produce anaosthesia in the non-amytalized 
animal, exhibits a much smaller and slower rise in blood sugar than the 
non-am)rtalized etherized animal. Amytal, therefore, would appear to 
depress the activity of the centre in the bulb controlling adrenal medul¬ 
lary secretion. 

Summary, Evidence is adduced that the adrenals are concerned in 
ansDsthetic hyperglycaemia. 
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A varnish for smoked paper. By James B. Pibie. 

{Physiology Dept., Univ. of Edinburgh.) 

The following varnish for tracings on smoked paper gives an almost 
matt surface and does not cause the paper to become brittle or to 
scratch when dry. It is simply pure resin dissolved in pure rectified 
spirit. Many commercial resins are unsuitable owing to the presence of 
a vegetable mastic which leaves a white deposit on drying. Only pure 
amber resin should be used and each fresh supply tested for absence of 
the above white deposit before being employed. 

The exact formula is: 

Pure amber resin (powdered) 168 g. 

Bectified spirit 2270 c.c. 
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Observations on the action of the respiratory centre. 

By Grace Briscoe. 

These observations were made in the course of some diaphragm- 
phrenic experiments in which one leaf of the diaphragm was treated as a 
peripheral preparation. The left phrenic had been cut in the neck (so 
that the chest was left intact) and respiration was carried on by the inter¬ 
costal muscles and the right unparalysed side of the diaphragm. By 
appropriate stimulation of the cut peripheral phrenic [Briscoe, 1928] it 
was found possible to make the paralysed side of the diaphragm give 
curves of contraction and relaxation exactly similar to those on the 
unparalysed side, which was, of course, responding to impulses from the 
respiratory centre. As long as the modulation of the stimuli was done by 
hand (by moving a secondary coil to and fro close to a primary) it was 
found possible to reproduce natural contractions with very little dis¬ 
turbance of the intact side. As soon, however, as a mechanical oscillator 
was tried different results appeared. It was difficult to set the oscillator 
at exactly the same rate as the respiratory centre, and it was noticed that 
the phasic contractions induced on the paralysed side were having an 
influence on the phasic rhythm of the centre, as evidenced by the move¬ 
ments of the chest and normal side of the diaphragm. 

Up to a point the experimental side could control the natural side, if 
there were not too much difference between the respective rhythms, and 
cause the centre to discharge at a rate which was other than its natural 
rate under existing experimental conditions. For instance: the respiratory 
centre working alone discharged every 2 sec., when the paralysed side 
was made to contract every 2\ sec. the respiratory centre also took up 
this rate and returned to the 2-sec. interval when the stimulation was 
stopped. On shortening the experimental interval to 1^ sec., the natural 
side was quickened for four beats, escaped with a couple of slow beats, 
then again four quick and two slow beats, so that a “pattern” appeared, 
repeating itself every six beats and corresponding to seven beats on the 
experimental side. When the experimental interval was further shortened 
to 1 \ sec. the natural side did not follow, but slowed to a rate which was 
half the experimental rate. The centre cannot be held long at a quickened 
rate, so that when the experimental rate is maintained slightly faster 
than the natural rate, the centre alternates between 1 to 1 and 1 to 2 
ratios, with respiratory cycles of intermediate value in the transition 
stages. 
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If the natural rate be slow, and the experimental considerably faster, 
the central discharge can be further delayed and may even be prevented. 
Its onset, if delayed, is still influenced by the experimental contractions, 
as there exists under such circumstances a definite ratio between the 
contractions of the two halves of the diaphragm, e.g, 1 to 5 or 1 to 9. 

Not only the time intervals of central discharge can be modified 
experimentally, but also the length of discharge, i,e. the time occupied 
by inspiration can be lengthened or shortened. An experimental con¬ 
traction occurring after inspiration has begun shortens discharge, a 
relaxation occurring during inspiration prolongs discharge from the 
centre. These four modifications (delay or hastening of discharge, 
shortening or lengthening of inspiration) will produce patterns in the 
tracing from the natural side. Under certain conditions these patterns 
repeat themselves regularly. For instance, the centre was discharging 
regularly every 2-7 sec. The experimental side was set to contract every 
1-8 sec., so that the sum of two natural intervals (5*4 sec.) corresponded 
to the sum of three experimental intervals. The natural side now dis¬ 
charged at irregular intervals, 2-15, 2*95 sec., but these irregularities 
wej’c repeated regularly every 5*4 sec. 

When patterns repeat, but not (juite regularly, it is found that the 
period occupied by the whole pattern does not coincide closely with a 
whole number of natural intervals. For instance, a pattern of five 
irregular intervals (2*94, 1*J, 3-i, 3*08, 2*87 -- 1()*39 sec.) coincided with 
six experimental intervals of 2*73 sec. each — 10*38 sec. It did not coin¬ 
cide witli any wliole number of natural unmodified intervals, and the 
repetition was not exact. 

Section of the vagus on the experimental side while modification is 
in progress may stop the induced effects at once. After a pause distinct 
control effects can be obtained, even with both vagi cut, though not with 
such ease as before section. 

Control effects are more easily obtained under deep amesthesia. 

liKFEKENOE. 

Briscoe, G. (192S). Qmrt. J. Kjp. Phy,sioI, 19, 1. 
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STUDIES CONCERNING THE ALIMENTARY ABSORP¬ 
TION OF WATER AND TISSUE HYDRATION 
IN RELATION TO DIURESIS. 

By H. heller and P. H. SMIRKS 

{From the Pharimcological Institule^ University of Vienna and the 
Medical Unit, University College Hospital Medical School.) 

OvR primary interest in this work has been the concurrent study of 
water diuresis and water storage in tissues both normally and under 
experimental conditions which inhibit the formation of urine, and it 
will be the object of these papers to show how numerous and interrelated 
are the factors which may modify or prevent the response of the kidneys 
to water administered by stomach tube. 

To this end we have tried to determine how a dose of water received 
by the alimentary tract is normally distributed about the body and how 
the distribution is altered by measures which reduce the urinary output. 

The disposal of this additional water throughout the animal body 
may bn represented diagrammatically as follows: 

AUmoutary tract 

* I 

j yf Extrarenal loss (respiratory sweating) 

Tissues 7 Plasma < 

► II \ Kidney 
Corpuscles 

For clarity we have subdivided our investigations of the above 
system. 

Part I. The alimentary absorption of water in the rabbit, guinea-pig 
and rat takes place at different rates and, from this alone, differences in 
the responses of the kidney to wwter administration would be. expected. 
Not only is this so but we find there is no parallelism between the load of 
absorbed but unexcreted water and the rate of urine formation at a given 
moment. 

Although the times and rates of absorption and diuresis and the time 
relationships between them vary with the species of animal they appear 
to be fairly constant for any one species. 
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Our experiments have been made on the rabbit, rat and guinea-pig, 
and from indirect evidence which will be presented by one of us at a 
later date it seems that the absorption-diuresis relations in man bear 
most resemblance to those of the rat. 

In the rat absorption from the alimentary canal may be studied 
readily by a statistical method; sets of rats being killed at varying times 
after water administration and the average amount of absorbed water 
determined by weighing the gut. In the guinea-pig this method of study 
is possible but less accurate because of errors introduced by the larger 
amount of residue in the lumen of the alimentary canal, and in the rabbit 
for this same reason it would be even harder to obtain reliable results. 

In the rabbit therefore we have studied water absorption indirectly by 
determining the increased water content of blood, muscle and skin. The 
sources of error incidental to such a method have been controlled as far 
as possible. 

Part IL The amounts of water lost extrarenally by small animals is 
large relative to their respective weights. Usually the loss takes place by 
the respiratory tract. A rat may lose as much as 1 p.c. of its body weight 
per hour and in a warm environment more is lost. 

Now in Part I it is shown that the rate of urine formation is not 
parallel to the load of absorbed but unexcreted water in the body; nor 
is it parallel to the degree of plasma or whole blood dilution [Smirk, 
1932]. Since diuresis is neither proportional to the degree of blood 
dilution nor to the excess of absorbed water in the body at any given 
time, it becomes a matter of some interest to know how extrarenal losses 
of water affect the urinary output. 

We have been able to show that rats and rabbits when living in a 
warm environment may lose as much as 4 or 6 p.c. of their body weight 
in a relatively short time. So that if these animals are depleted of water 
and then are given 4 or 5 p.c. of their original body weight of water they 
may have, compared with their resting condition, only a slight excess of 
water in the body (as in the rabbits) or even a deficit of water (as in the 
rats). Nevertheless in both rats and rabbits the diuresis which follows 
this new supply of water is not very much less when the animal has been 
depleted of water previously, than in control experiments upon the same 
animals where there has been no preliminary water depletion and any 
additional water given constitutes an excess. Diuresis may apparently 
occur when there is no excess of water in the body. This leads us to a 
point of clinical interest. 

The reduced urinary output of febrile patients is usually considered 
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to be tbe result of increased extrarenal loss of water. In rabbits and rats 
considerable extrarenal loss of water did not greatly reduce the urinary 
output and it appeared a suitable opportunity for testing whether an 
increase in temperature would produce oliguria in animals as in man and 
whether this reduction in urinary output might be in part due to some 
effect of pyrexia other than increased extrarenal loss. 

The posture of an unansesthetized animal makes a great difference 
to its powers of thermo-regulation and secondarily to its urinary output. 
This subject—of general importance in experimental work—^is briefly 
dealt with. 

Part III. In Part I it was found necessary to have a control obser¬ 
vation upon the increase in the water content of muscle when water was 
absorbed normally but was not excreted by the kidneys. For this purpose 
use was made of the inhibitory action of pituitrin upon water diuresis. 
It was demonstrated that pituitrin did not cause any significant diminu¬ 
tion in alimentary water absorption in the rat, and the presence in tissues 
of absorbed but unexcreted water was clearly demonstrated in the rabbit. 

Although these results were originally obtained for another purpose 
they appear to provide additional evidence that the anti-diuretic action 
of the pituitary hormone is of primarily renal origin. The distribution of 
water in the blood tissues and serous cavities makes it unlikely that the 
pituitary hormone operates through any general change in the physico¬ 
chemical states of membranes or tissue proteins. For this reason the 
pituitary work has been treated separately. 

Part IV. In clinical surgery and in experimental physiology it may 
be observed that the urinary output is changed by anaesthesia and 
laparotomy. This influence of anaesthetics upon diuresis is naturally of 
importance in the control of any renal experiments for which an anaesthetic 
is required, and the matter is interesting in relation to the nervous control 
of water metabolism. 

From the school of Pick numerous papers [Kugel, 1929; Bonsmann, 
1930 and Truemann, 1931, etc.] have been published which indicate 
that most anaesthetic substances inhibit a diuresis produced by the 
alimentary administration of water. 

The influence of an animal’s water absorption rate upon its urinary 
output (to be described in Part I) raises the question of whether anaes¬ 
thetics may influence diuresis by delaying absorption or whether the 
anaesthetic acts upon an extra alimentary system, its effect being mani¬ 
fested after absorption has taken place. In regard to this last point 
Hicks and Smirk [1930] have demonstrated that when a blood dilution 

1—2 
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has been produced by administration of water to rabbits the subsecjuent 
administration of chloretone causes a reconcentration of the blood and 
diminution of the urinary output. 


Part I. The absorption and distribution of water during normal 
water diuresis in rabbits, rats and guinea-pigs. 

Introduction. 

The determination of the normal relationships between the absorption 
of water in the alimentary tract, its storage in blood and tissues and its 
subsequent excretion by the kidneys is made difficult by the probability 
that changes in all three factors may well occur as a result of the experi¬ 
mental procedures necessary in their investigation. Particularly is this 
so where general anaesthetics are used. Thus ether, chloralose, chloretone, 
chloralhydrate, morphia, isopral, veronal, luminal and trional have been 
recorded as inhibitors of water diuresis; urethane, paraldehyde and 
veronal have been stated to increase the urinary output. The extensive 
and in part contradictory literature is briefly summarized by Kugel 
[1929], and it would seem that although the results obtained depend on 
the animal used, the depth of narcosis and the length of the experimental 
period, there is no doubt that ordinary narcotic substances produce 
marked alterations in the amount of urine excreted and are clearly 
unsuitable for the investigation of its normal progress. 

Decerebrate or decorticate dogs not under the influence of morphia 
and allowed to recover for one or more hours from the volatile anfiesthetic 
have been used in investigations of this type by Pee [1929], Bayliss 
and Pee [1930]. 

They obtained a water diuresis which appeared to follow the normal 
course and investigated the changes in blood concentration. This method 
has the advantage that the effects of emotional disturbances and of 
muscular exertion on water metabolism are avoided. In water-diuresis 
tests on rabbits performed before and not less than 12 hours after the 
use of any general ansesthetic Godlowski [1930] finds an increased 
urinary output after decortication and after decerebration, either an 
increase or decrease depending, it appears, upon the level of section. We 
have preferred, however, to use local anaesthesia for the removal of our 
tissue samples because in the investigation of a process perhaps intimately 
bound up with the nervous system we hesitated to begin our investigations 
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by removing an important part of it. There remains with us the difiSculty 
which Fee eliminated, namely, the efEect of emotional disturbance in the 
animal on the course of diuresis. We have attempted to minimize this 
and to demonstrate by control observations in what degree and directions 
reliance may be placed on our results. 

A. Rabbits. 

Experimental procedures. 

The removal and analysis of blood samples. 

Blood samples were obtained from a marginal ear vein in rabbits, and 
heparin was our usual anti-coagulant in vitro. The blood dilution was 
investigated by several methods. The total solids of whole blood were 
determined by drying to constant weight at 107° C. The haemoglobin was 
determined by conversion of a measured volume of blood to carboxy- 
haemoglobin and colorimetric comparison of the samples taken before 
and after water administration. The plasma proteins were determined by 
Kjeldahl’s method. The samples of blood removed were usually 0-5 c.c. 
The loss of blood during removal of muscle samples was slight. Probably 
the total loss before taking the second sample would not be more than 
0*8 c.c. where muscle and blood samples alone were taken. The removal 
of 0*8 c.c. of blood does not appreciably afEect the dilution of the second 
sample [Smirk, 1932]. 

The removal of muscle samples. 

Two muscle samples were removed from symmetrical portions of the 
longissimus dorsi on either side, one before and one usually 2 hours after 
water administration. Local skin anaesthesia was maintained by 2 p.c. 
novocaine and 0*0004 p.c. adrenaline—the muscle not being infiltrated. 
The fibres of a suitable strip of muscle (1*5 x 0*5 cm.) are split longi¬ 
tudinally by a sharp scalpel, and the piece between may then be excised 
by short snips with a pair of scissors. The rabbit sits in a box and need 
not be held during the slight operation. The small wound is plugged with 
wool soaked in 2 p.c. novocaine to maintain anaesthesia and the animal is 
killed at the end of the experiment. The water content of the muscle is 
determined by drying to a constant weight at 107° C. The weight average 
of the muscle samples is about 0*8 g. A second muscle sample is obtained 
by the same procedure. In a few of the experiments performed in Vienna 
the wound was kept sterile, the animal preserved for a few days and an 
experiment repeated. 



6 


jy. HELLER AND F. H. SMIRK. 


Control on the effect of local ancesihetics on a water diuresis. 

Five rabbits received 2 c.c. of a solution containing 2 p.c, novocaine 
and 0-0004 p.c. adrenaline subcutaneously, 16 min. before the adminis¬ 
tration of 40 c.c. of water per kg. of body weight and then 4 c.c, of the 
novocaine-adrenaline solution 1^ hours after water administration. The 
amounts of urine formed in the 3 hours after water was given were 87, 
77, 73, 71 c.c. (average 78*1). 

In a set of experiments on the same rabbits where no local ansesthetic 
was given the corresponding outputs of urine were 95, 37, 102, 66, 75 c.c. 
(average 75-0). 

Two rabbits received each 3 c.c. of 4 p.c. novocaine intraperitoneally 
and 1 hour later 72 c.c. of water by stomach tube. The amounts of urine 
over a period of 150 min. were 32 c.c. and 53 c.c. as compared with con¬ 
trol diuresis tests in the same animals of 40 c.c. and 51 c.c. 

In two other rabbits intraperitoneal injections of novocaine and 
adrenaline did not produce any significant change in urinary output. 

There is no difference in urinary output which can be attributed to 
the use of local ansesthetics. 

Control on the effect of the removal of blood samples from the ear veins, and 
of muscle samples from the longissimus dorsi on a water diuresis. 

In a series of twenty-six experiments on thirteen different rabbits the 
diuresis following the administration of 40 c.c. of water per kg. body 
weight did not appear to be altered significantly by the procedures of 
removing blood and muscle samples, and in eight of these in which the 


Table I. 



Control — 

urine samples only 

Blood and muscle samples 


f 

' A 

taken (animal unbound) 

Animal 

Urine in 

Temperature 

Urine in 

—A_^ 

Temperature 
change in ® C. 

3 hours 

change 

No. 

c.c. 

in °C. 

3 hours c.c. 

17 

60 

-0*6 

59 

-0-2 

16 

64 

-0*2 

53 

-00 

15 

43 

-00 

09 

-01 

10 

61 

-0-3 

41 

-01 

11 

20 

-01 

39 

+ 0-6 

12 

34 

-0-2 

45 

+ 0-4 

13 

29 

-0-3 

15 

-0-1 

14 

30 

-0-2 

13 

-00 

18 

35 

— 

29 


19 

67 

_ 

121 

_ 

20 

5 

— 

53 


21 

22 

— 

20 

_ 

22 

20 

— 

21 

_ 

Average 

37 


44 
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rectal temperature was measured there was no change worthy of special 
note. The actual figures are given in Table I. 

The average output of urine from the thirteen animals was 44 c.c. 
when muscle and blood samples were taken and 37 c.c. in the preliminary 
diuresis. It would therefore appear justifiable to consider that the uptake 
of water from the alimentary canal and the subsequent urinary output 
are not disturbed by taking samples of blood and muscle. 

Control observations on the water content of muscle. 

(1) Variations in the water content of the longissimus dorsi muscle 
from different batches of animals living under different conditions; and 
individual members of the same batch living under the same conditions 
(no additional water given). 

Table II. 

Average water Water content of the muscle samples 



content p.c. 

from individual rabbits p.c. 

Batch 1 
(5 rabbits) 

74*8 

75 0; 74-5; 74*5; 74-9; 74-9 

Batch II 
(3 rabbits) 

76-8 

76-9; 75-8; 77-9 

Batch III 
(2 rabbits) 

— 

75*8; 77-7 

Batch IV 
(5 rabbits) 

7&1 

76-6; 761; 76*2; 761; 75*3 

Batch V 
(2 rabbits) 

— 

77*7; 76-6 

Batch VI 
(5 rabbits) 

75*7 

74*1; 75-8; 75-7; 76-3; 76-6 

Batch VIT 
(4 rabbits) 

771 

75-9; 78*2; 76-7; 77-7 


It will be seen that as a rule the variations between batches of animals 
living under different conditions are rather greater than between members 
of the same batch. The members of the various batches of rabbits were 
not necessarily or usually of the same litter but were similarly housed 
and fed. 

There did not appear to be any constant difference in the degree of 
muscle hydration between groups fed on oats and groups fed on cabbage. 

(2) Variations in the water content of longissimus dorsi muscle taken 
from the same animals at an interval of 2 or 3 days (no additional water 
given). 

It will be seen that at different times variations of muscle hydration 
are observed in animals which have at all times been allowed free access 
to food and water. 
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Table III. 


Percentage water content of the muscle samples 
from rabbit 


No. of animal 

1 - 

1 

2 

3 

4 

6 

Batch I 
(5 animals) 

1st sample 

2nd sample 

75*9 

75*9 

78-2 

78-3 

76*7 

76-6 

77-7 

79-3 

77-2 

771 



6 

7 

8 

9 


Batch II 
(4 animals) 

1st sample 

2nd sample 

76-6 

750 

76-1 
74‘5 

76-2 

74*5 

76-1 
74-9 




10 

11 

12 



Batch III 
(3 animals) 

Ist* sample 

2nd sample 

75-3 

74-9 

77*7 

75-8 

76- 6 

77- 9 




(3) The constancy of longissimus dorsi muscle samples taken at 
nearly the same time from symmetrical parts on either side (no additional 


water given). 


Table IV. 


Percentage water content of muscle samples from 
individual rabbits 


No. of animal 

6 

5 

13 

14 

3 

Sample from right side 

76-6 

771 

77-8 

76*9 

76-6 

Sample from loft side 

76-4 

771 

77-7 

77-0 

76-5 


Symmetrical parts of the same muscles at the same time have equal 
water contents. 

(4) Variations in the water content of muscle samples from sym¬ 
metrical parts of the longissimus dorsi and vastus externus taken at 
intervals of 2 hours (no additional water). 


Table V. 

Percentage water content of musde 
samples from individual rabbits 


No. of animal 

15 

16 

17 

Longissimus dorsi 1st sample 

77-4 

77-2 

76-4 

2nd sample 

78-4 

76-7 

76-1 

Vastus externiis 1st sample 

79-5 

79-2 

78*3 

2nd sample 

79-3 

77-8 

77-4 


As would be expected there is a tendency for the water content of 
muscle to be diminished slightly over a period of 2 hours owing to loss 
of water by the renal and respiratory systems. In all samples the water 
content of vastus externus has been greater than that of longissimus 
dorsi. The changes in water content are not equal. 

(5) The detection of the additional water in muscles when its excretion 
by the kidneys is prevented: the instance chosen being the inhibition of 
diuresis by pituitary hormone. 
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It will be shown in Part III that although the uptake of water is not 
equal in aU muscles yet there is no doubt that when water is absorbed 
but not excreted by the kidneys there is a substantial increase in the 
water content of muscle, often as much as 2 or 3 p.c. 


The storage of water in muscle and blood during a normal water diuresis. 

The following table gives the changes in blood concentration and 
in the water content of muscle samples taken before and after the 
administration of 40 c.c. of lukewarm tap water per kg. body weight to 
rabbits by means of a stomach tube. The resulting urinary outputs have 
been given in Table I, where they are compared with a previous set of 
experiments in which water was given but no blood or muscle samples 
were taken. It was showm that these additional procedures had no 
significant influence on the diuresis. 


Blood concentration fol- 
lowinjT water expressed 
as a percentage of the 
original concentration 


Animal 


Time after water 
administration 


Table VI. 


Methods of 
determining 
the water 
content of 


Water content of muscle 
in g. w’ater per 
100 g. muscle 


Before 

water 


Differ- 
Tirae after water ence in 
administration water 
^-^-1—^ content 


No. 

30 min. 

90 min. 

120 min. blood 

given 

90 min. 

120 mm. 

p.c. 

17 

950 

968 

_ 


— 

— 

— 

— 

16 

97-5 

94*2 

— ^ 


76-6 

76-6 

— 

+ 00 

15 

10 

11 

960 

91-4 

93-8 

106-0 

— ' 

By percentage 
of solids in 
blood 

77-7 
76*6 
76-1 

78-1 

76-6 

761 

— 

+ 0-4 
+ 0-0 
+ 00 

12 

— 

96-3 


76-2 

76-6 

— 

+ 0-4 

13 

— 

95-2 

— 


76-1 

75-0 

— 

-0-1 

14 

— 

104 0 

-. -■ 


75*3 

75-7 

— 

+ 0-4 

18 

19 

— 

— 

91-1 ‘ dilution of pro- 

0*7 n y teins det. bv K j e 1- 
I dahl’s method 

741 

75-8 

— 

74-2 

76-3 

+ 0-1 
+ 0-5 

20 

— 

— 

— 

—. 

76-3 

— 

76-7 

+ 0-4 

21 

— 

— 

— 

—. 

76-6 

— 

78-1 

+ 1-5 

22 

— 

— 

— 

— 

75-7 

— 

76-4 

-rO-7 


AV.+0-33 


It will be seen from Table VI that the degree of blood dilution varies 
considerably from one experiment to another, but the most general figure 
obtained is a reduction in the concentration of solids to 95 p.c. of their 
amount in the undiluted blood. Twice there was no dilution and the 
blood appeared to be more concentrated. Methodical error is unlikely 
and there are numerous difficulties attached to the interpretation of 
blood-dilution experiments such as the changes due to splenic contraction, 
changes in blood concentration following the muscular exercise of 
struggling or following alterations in blood-pressure. 
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In view of the possible difBculties introduced by slight losses of blood 
during the removal of muscle samples and the many conflicting state¬ 
ments in the literature concerning the presence or absence of a blood 
dilution in the course of water diuresis, a short separate study of this 
matter has been made by one of us [Smirk, 1932], It was shown that in 
rabbits a whole blood dilution of 2 or 3 p.c. is usual, and that the larger 
part of this additional water is held by the plasma. 

It will be observed from Table VI that the uptake of water in muscle 
is slight, and the total quantity of water represented by this in the animaTs 
body is not great. The average change in the water content of the muscles 
is 0*33 p.c. 

The average 'percentage weight of the striated muscle and of the shin in 

rabbits. 

For further calculations it is of importance to know the relative 
amounts of muscle and skin in rabbits. In a series of nine animals the 
striated muscle accounted for approximately 40 p.c. and the skin with 
fur 12 p.c. of the total live weight. It is probably fair to assume another 
5 or 8 p.c. for unstriated muscle, so that the weight of muscle in a 2000 g. 
rabbit will be about 900-950 g. Since most of our rabbits weigh 2000 g. 
and we may assume approximately 1000 g. of muscle with an average 
water percentage of 75 this mean change of 0*33 p.c. represents about 
13 c.c. of additional water. In only two of the thirteen experiments was 
the water increase in muscle as much as 0-6 p.c. at a period of 1J-2 hours 
after water administration. 

It must be remembered that if the above calculation is applied to 
individual muscle samples instead of to representative averages it will 
give only approximate indications of the water stored in muscle. 

The storage of water in skin during a normal water diuresis. 

In a short series of five animals small samples of skin (+ hair) were 
removed under local subcutaneous anaesthesia. The samples were cleaned 
of subcutaneous tissue and their water content was determined before, 
and 90 min. after, water administration by the method described for 
muscle. 

The uptake of water was rather variable and appeared to be somewhat 
greater than that of muscle. The actual increases in water content were 
4- 3*5, + 1*1, — 1*6, -f 0-6, + 5*5 p.c. (average 1*8). 

The necessity for local aneesthesia introduces a source of error. 

During the normal diuresis in rabbits there does not appear to be any 
great increase in the water content of the muscles. Occasionally rabbits 
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are met where the normal output of urine in response to water adminis-^ 
tration is very low, yet the increase in the water content of muscles is as 
a rule no greater in these animals than in those where the output of urine 
is much greater (see Tables I and VI). 

It will be shown later (Part III) that when diuresis is prevented or 
reduced by pituitary hormone a considerable increase in the water content 
of the muscle is obtained. It would appear from this that so long as the 
water given has been absorbed and is not yet excreted there will be a 
definite increase in the water content of muscle—say 2 or 3 p.c. The 
absence of such an increase in rabbits where the diuresis is poor is strong 
presumptive evidence that the water has not been absorbed. A possible 
alternative explanation would be that pituitrin might increase the 
absorption of water, and muscle hydration result as much from an in¬ 
crease in the uptake as from the diminished output. There is, however, 
no evidence in favour of this hypothesis, and in rats under the influence 
of pituitrin the water absorption curve is practically identical with the 
normal (see Part III). 

The excess of water which is stored in muscle and blood prior to 
excretion is not often more than 20 c.c. when 80 c.c. have been given, and 
it appears in the rabbit that the excretion rate may lag only a little 
behind the alimentary absorption rate. 

As the absorbed water is largely stored in the muscles when the 
normal renal response is inhibited by pituitrin it is of interest to know if 
the same relations between absorption and excretion hold in animals 
where water absorption takes place more rapidly. We therefore decided 
to study the diuresis in relation to the water absorption from the ali¬ 
mentary canal in rats and guinea-pigs. 

B. Rats. 

Since the rat is a smaller and less docile animal it would not be easy 
to obtain muscle samples and use their water content as an index of 
water storage in tissues. For the direct study of alimentary water 
absorption however the rat is much more suitable than the rabbit, and if 
in addition the urinary output is known we can deduce whether there is 
any appreciable storage of water in tissues as a normal phenomenon of 
water diuresis. 

The method of study we have selected is as follows. A rat is weighed. 
5 px. of its body weight of warm water is administered by a small stomach 
tube (No. 8 catheter). The animal is returned to its cage and at a selected 
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time after giving tlie water it is killed by a blow on the head and the 
alimentary canal is dissected out and weighed together with its contents. 
The longer the waiting period after water administration the more water 
is absorbed, and with a sufficiently large number of rats killed at varying 
times after giving water a normal average absorption curve may be 
constructed. 

If now a series of similarly treated rats are also given 6 p.c. of their 
body weights of water, an average of their urinary outputs may be taken 
as a normal average curve of diuresis corresponding with the average 
absorption curve already obtained. The urine of individual rats can be 
collected by keeping the animals in small wire cages. On shaking the 
cage or taking hold of the animal’s tail it voids urine even if only a little 
has been formed. The effectiveness of this method has been demonstrated 
by subsequent examination of the urinary bladder, so that by this means 
it is possible to obtain the precise onset of diuresis. The urine is collected 
on cotton-wool swabs and weighed. 

Results, 

The investigations on water absorption are summarized in Tables VII 
and VIII, from which may be constructed the two water-absorption 
curves of Fig. 1. The first gives the rate of water absorption in 


Table Vll. Animals allowed free access to water. 


Time after 

Number 

Weight of the alimentary canals and 


giving water 

of rats 

contents expressed as a percentage 


(min.) 

used 

of body weight 

Average 

20 

5 

8*9; 8-6; 7-9; 7-8; 9-2 

8*5 

30 

4 

9-3; 8-2; 7*8; 8-0\ 

7.*7 


4 

6-6; 71; 6-4; 7-9/ 


45 

6 

5-5; 6-5; 6*6; 6-5; 61; 5-9 

6*2 

ew) 

6 

6-6; 6-2; 7-1; 6-2; 6-2 

6*5 

75 

7 

4*6; 10-3; 6-4; 7-8; 5-9; 5-5; 5 0 

6*5 

120 

6 

6-8; 6 2; 7-7; 7-6; 5-9; 4-8 

6*5 

Controls, no 
extra water 
given 

10 

6 0; 5-9; 6-1; 5 0; 51; 51; 

6*2; 5-7; 5-2; 5 0 

5*5 

Table VIII. 

Animals deprived of w'ater overnight. 


Time after 

Number 

Weight of the alimentary canals and 


giving water 
(min.) 

of rats 
used 

contents expressed as a percentage 
of body weight 

Average 

15 

3 

8 0; 8-4; 9-2 

8*5 

30 

9 

9-60; 6*5; 4*8; 6*9 (av. 6*9) \ 

6*4; 6*8; 7*7; 6*2; 6*5 (av. 6*7)/ 

6*8 

46 

7 

6*9; 6*3; 6*4; 61; 6*1; 5*7; 5*7 

6*2 

Controls, no 
extra water 
given 

7 

5*3; 5*8; 6*7; 6*8; 7*0; 6*58; 6*20 

6*3 
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animals allowed free access to water up to the time of the experiment, 
and the second gives the rate in animals deprived of water overnight. The 
percentage weight of the gut was 0*75 higher in the animals deprived of 
water (perhaps owing to their previous diet), and in order to render the 
two curves more easily comparable 0*75 was deducted from all the 
average values on Table VIII before graphing the results. 



Average weight 
Empty gut 


Fig. 1. Average water-absorption curves of rats: (u) previously allowed free access to 
water — x— k— , (6) previously deprived of water overnight —©—©—. The average 
weight of the empty gut is 5*5 p.c. of the body weight and 5 p.c. of the body weight 
of additional water was given, making 10*5 p.c. the starting-point of the absorption 
curves. 

It would appear that water absorption proceeds more slowly in 
animals allowed free access to water up to the time of the experiment 
than in animals previously deprived of water overnight. We do not as 
yet regard this difference in absorption rate as sufficiently proved, but 
consider that, firmly established, it would be relevant to the problem of 
the physiological regulation of intestinal absorption. 

In eighteen rats the diureses in response to 5 p.c. of their body weights 
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Tabld IX* Total output of urine expressed as c.o. per 100 g. rat. 


Time after water administration (min,)* 


No. of 

( — 





_ 




—^ 

Animal 

0 

20 

40 

60 

80 

100 

120 

140 

160 

180 

1 

0-00 

0-01 

0-26 

1-90 

2*55 

2*75 

2-86 

2-94 

2*96 

3-00 

2 

0-00 

014 

0-60 

0-95 

1-72 

2-20 

2-.30 

2*32 

2*35 

2-35 

3 

0-00 

0-50 

204 

3-40 

405 

417 

4-27 

4-35 

4*42 

4*50 

4 

0-00 

004 

010 

0-23 

MO 

205 

2-37 

2-66 

2*95 

3*25 

5 

0-00 

0-07 

0-20 

0-42 

1-37 

1-85 

2-00 

2-05 

210 

2*15 

6 

0-00 

015 

0-65 

M2 

1-83 

1-87 

1-93 

1*97 

200 

204 

7 

0*00 

— 

1-40 

3-86 

410 

4-15 

4*20 

— 

— 

— 

8 

000 

— 

0-85 

1-95 

3-20 

3*80 

4-00 

— 

— 

— 

9 

0-00 

— 

100 

2-46 

315 

3*45 

3-60 

— 

— 

— 

10 

0-00 

— 

0-95 

2-00 

2-60 

2-70 

2-75 

— 

— 

— 

11 

000 

— 

1*30 

2*46 

2-75 

2-85 

2-85 

— 

— 

— 

12 

000 

0-35 

1-40 

2-80 

3-40 

3-65 

3-75 

3-80 

3*80 

3*80 

13 

000 

0-00 

0-40 

105 

2*05 

300 

310 

310 

3*10 

3*10 

14 

000 

0-20 

0-70 

1-76 

2-70 

3-30 

3-35 

3-35 

3*35 

3*35 

15 

000 

010 

0-80 

200 

2-85 

2-95 

2-95 

2*95 

2*95 

2*95 

16 

000 

0-70 

1*60 

2*80 

3-95 

410 

415 

415 

4*15 

4*15 

17 

000 

0-60 

1-95 

3-35 

3-75 

3-75 

3-75 

3*75 

3*75 

3*75 

18 

000 

0-20 

0-65 

1-25 

2*70 

3-55 

3*60 

3*60 

3*60 

3*60 

Average 

0()0 

0-23 

0-93 

1-95 

2-75 

3-10 

— 

— 

-- 

‘ 3*35 


* When urine samples were not obtained at the correct time the output for that time 
was determined graphically. 


of water have been studied (Table IX), the preceding dietetic condition 
and allowance of water being similar to that of the animals of Table VIII 
used for the determination of absorption rates. The urinary outputs were 
expressed as c.c. urine per 100 g. rat. From these an average curve 
(not given) of the total urinary output was constructed expressing the 
results as c.c. of urine per 100 g, rat. From this curve the average rate 
of urine secretion for each 10-min. interval was determined in c.c. urine 
for 100 g. rat per hour (Fig. 2). Also on Fig. 2 are included two other 
cmves. Firstly, the corresponding average water-absorption curve 
derived from Fig. 1, and secondly, a graph representing the average 
amount of absorbed but as yet unexcreted water in the body at any 
given time, which is obtained by subtracting the average total output 
of urine from the average volume of water absorbed at any given time 
and correcting for the average extrarenal loss of water (Part II). 

It will be seen, on comparing the water absorption with the diuresis 
curve, that water absorption is well advanced before any notable increase 
takes place in the formation of urine. This is despite the fact that the 
dose of water is large: its equivalent would be 4 litres for an 80 kg. man 
but only 700 c.c. if the comparison were made by Rubner’s surface 
formula. Alsdwater absorption is practically complete some 15 or 20 min. 
before the height of diuresis is attained. 
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This lack of paraUelism between water absorption and diuresis is further 
exemplified by the water-load curve. The average maximum load of ab¬ 
sorbed but as yet unexcreted water is present in the rat 30 min. after 
giving the water. The rate of urine formation at this time is 1*2 c.c* 
per hour per 100 g. rat* It is another 30 min. before the kidney attains 
its maximmn rate of urine formation. 

Again, at the time when the rate of urine formation is greatest the 
load of absorbed water is 2 c.c. It also averages 2 c.c. J hr. after giving 



Fig. 2. The relationship between alimentary absorption, the water load and the rate of 
urine formation in rats. The water load is corrected for extrarenal losses of water 
from the respiratory tract. 

water before absorption is complete, but in contrast at this time the 
rate of urine formation is only 0-3 c.c. per hour per 100 g. rat. With the 
same water-load distributed between the blood and tissues of the body 
the urinary outputs are regularly very different, being greater on the 
fall than on the rise of the water-load curve. Thus, when the water load 
is low shortly after giving the water and again as diuresis is subsiding, 
for equal water loads the urinary outputs are very different. 

Since the uptake of water from the alimentary tract is clearly well in 
advance of diuresis it should be possible to demonstrate the increased 
water content of the body tissues which we have deduced, these increases 
being indicated approximately by the water-load curve. To obtain direct 
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confirmation of this samples of muscle and liver were removed from rats 
killed 20, 30 and 40 min. after the administration of water and, as 
controls, from rats in other ways similarly treated but to which no 
additional water had been given. A comparison of the water contents 
of the livers and muscles is given in Tables X and XI and in Fig. 3. 



Fig. 3. Tho average water uptake in the liver and muscle of the rat following the adminis- 
tration of 6 p.c. of the body weight of water by mouth. 


Table X. The water content of liver before and after administration of water. (Rats.) 


Time 

after 

giving 

water 

(min.) 

Controls (no 
water given) 
solids p.c. 

No. 

of 

con¬ 

trols 

Average 

of 

controls 

20 

28-4; 28-8; 28-8; 
26-8; 29-3 

5 

28*44 


28-0; 28-9; 28-9; 
28*6 

4 

28*60 

30 

30*8; 32*2; 28*9; 
30*6 

4 

30*62 


28*0; 28*9; 28*9; 
28*6: 28-3; 28*9; 
27*8; 28*1 

8 

28*44 

60 

28*3; 28*9; 27*8; 
28*1 

4 

28*3 


28*0; 28*9; 28*9; 
28*6; 28*3; 28*9; 
27*8; 28*1 

8 

28*44 


Experiments 
(water given) 
solids p.c. 

No. 

of 

exps. 

Average 
of exps. 

Difference 
in water 
content 

26*4; 24*2; 26*6; 
27*7; 28*2 

5 

26*6 

-f 1*77 

25*9; 26*8; 27*2; 
27*2 

4 

26*52 

+ 2*08 

29*8; 28*7; 29*6; 
29*2 

4 

29*32 

+ 1*3 

2,5*9; 2.5*8; 27*2; 
27*2; 26*9; 28*3 

6 

26*88 

+ 1*56 

25*3; 25*5; 27*4; 
24*9; 25*8 

5 

25*8 

+ 2*5 

27*4; 25*3; 25*5; 
24*9; 25*8; 27*6; 
27*7 

7 

26*31 

+ 2*13 
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Table XI. The water content of muscle before and after administration of water. (Rats.) 
Time 


after 


No. 






giving 

Controls (no 

of 

Average 

Experiments 

No. 


Difference 

water 

water given) 

con¬ 

of 

(water given) 

of 

Average 

in water 

(min.) 

solids p.c. 

trols 

controls 

solids p.c. 

exps. 

of exps. 

content 

20 

23- 4; 23-3; 24 0; 

24- 8; 241 

6 

23*9 

23*8; 22*8; 24*1; 
22*7; 23*1 

5 

23*3 

+ 0*61 

30 

24-9; 25*4; 24 0; 
24-3 

4 

24*65 

24*3; 24*1; 23*2; 
24*3 

4 

23*97 

+ 0*68 


27 0; 27*6; 26-9; 
26-7 

4 

27*05 

26*8; 24*6; 26*9; 
25*6 

4 

25*98 

+ 1*07 


24-9; 25-4; 24 0; 
24-3; 25-5; 24-8; 
24-2 

7 

24*73 

24*3; 24*1; 23*2; 
24*3; 24*3; 24*8 

6 

24*17 

+ 0*56 

60 

2n-5; 24-8; 24-2 

3 

24*83 

23*5; 24*0; 24*1; 
24*1; 23*7 

5 

23*88 

+ 0*95 


24-9; 25-4; 24 0; 
24-3; 25-0; 24-8; 
24*2 

7 

24*71 

23*5; 24*0; 23*5; 
24*1; 23*7; 23*5; 
24*1 

7 

23*77 

+ 0*94 

It will be seen that there is a significantly greater water content in the 


tissues of the animals which received water. Particularly is this so in the 
case of the liver. 


C. Guinea-pigs. 

The experiments relating water absorption to diuresis have been 
repeated on guinea-pigs using the technique already described for rats. 
The study of water absorption is however more difficult in the guinea-pig, 
since the weight of the alimentary canal and its contents are usually 
20 p.c. of the total body weight, whereas in the rat they are 5 or 6 p.c. 
The addition of 5 p.c. of the body weight of water will therefore make a 
smaller proportional difference to the gut weight in the guinea-pig, and 


its absorption 

is less eas 

ily followed by statistical methods. 




Table XII. 


Time after 
giving water 
(min.) 

Number 
of guinea- 
pigs used 

Weight of the alimentary canal and 
contents expressed as a percentage 
of body weight 

Average 

15 

6 

26-7; 21-7; 20-4; 34-3; 26 0; 24-6 

26*2 

60 

20 

27-4: 18-8; 24-9:18-7; 24-6: 24 0;\ 
21-8; 18-4; 21-2; 24-7; 19 0; 20-8/ 
20-3; 14-9; 18-2; 16-6; 180; 15-3; 1 

130; 19-9 / 

22*0 

17*2* 

Controls, no 
extra water 
given 

18 

22-2; 18-8; 23-8; 14-9: 22-5; 24-7; \ 

21-7; 26-2; 20-2; 19-2; 16-8; 210/ 
11-8; 18-5; 16-3; 14 0; 17-5; 200 

21*0 

16*1* 


* These two groups of guinea-pigs were of a different breed and were differently fed 
and housed. 


PH. LXXVl. 
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Fig. 4. The relationship between alimentary absorption and the rate of urine formation in 

guinea-pigs. 

* The dotted line extension is presumptive, from analogy with the rat. 



Fig. 5. The diuresis of the rat, guinea-pig and rabbit. 
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Time after 
water 
adminis¬ 
tration 
(min.) 

Tablb XIII. 

Total output of urine expressed 

as c.c. 

per 100 g. 

guinea-pig 

f - 

Animal 1 

2 

3 

4 

5 

Average 

0 

0-00 

000 

000 

000 

0-00 

0-00 

30 

0-00 

0-20 

000 

010 

000 

006 

60 

0-66 

0-76 

000 

0-26 

0-25 

0-38 

90 

1-60 

1*36 

0-40 

0-95 

3-60 

1*58 

120 

2-60 

3*20 

2-82 

2-60 

4-75 

317 

150 

3-20 

3-76 

3*63 

3-35 

4-76 

3-74 

180 

435 

3*85 

4*35 

3-85 

4-75 

4-23 

210 

4-35 

3*85 

6-36 

4-95 

4-90 

4*88 


Table XII and Fig. 4 summarize the results for the absorption 
and Table XIII and Fig. 4 for the excretion of water. On Fig. 5 
the rates of urine formation in the rat, rabbit and guinea-pig are com¬ 
pared. 

Discussion. 

The object of this paper has been to study the normal relationship 
between alimentary absorption, tissue hydration and renal excretion of 
water in the rabbit, guinea-pig and rat. In the guinea-pig and rat the 
rate of water absorption was studied statistically by killing sets of 
animals at varying tiroes after water administration. But in the rabbit, 
owing to great variability in the weight of the gut and its contents, this 
method was found to be unsuitable. In rabbits therefore the absorption 
of water was studied indirectly by observing changes in the water content 
of small muscle samples taken with the aid of local ansesthesia. Our 
controls confirm the observations of Tashiro [1926] and Baer [1927] 
that the water uptake of different muscles in the same animal may be 
unequal, so that from changes in the water content of any single muscle 
it is not possible to draw accurate quantitative conclusions as to the total 
increase in water content of the body musculature. In our experiments 
no appreciable increase in the water content of symmetrical parts of the 
longissimus dorsi muscles was observed during the progress of a normal 
water diuresis in rabbits. If, however, the diuresis is interrupted by 
pituitrin so that the absorbed water is no longer excreted an increase is 
regularly observed in the water content of this muscle, and if this degree 
of increase were representative of the entire musculature, a large pro¬ 
portion of the administered water would be accounted for. So we may 
conclude that by our method it is possible to detect any appreciable 
storage of water in muscle. 

Since there is no regular appreciable increase in the water content 
of rabbit muscle during a normal water diuresis it is very probable indeed 

2—2 



20 


H. HELLER AND F. H. SMIRK. 


that no great storage of water takes place unless the excretion of urine is 
lessened (as by pituitrin). The average increase of muscle water of twelve 
animals was 0-33 p.c., and this in a 2 kg. animal with, say, 950 g. of muscle 
would represent less than 13 c.c. of additional water. 

The results obtained on skin samples are more variable, but they 
are liable to greater errors. Sometimes larger increases in their water 
content are observed than have been described for the samples of muscle, 
but since the average weight of the skin in nine rabbits amounts to only 
12 p.c. of body weight these increases do not represent more than a few 
c.c. of additional water. 

In guinea-pigs and in rats it is clear, however, that water absorption 
is well in advance of diuresis. The direct study of water absorption from 
the gut is more difficult and less accurate in guinea-pigs than in rats, 
since the gut forms as much as 20 p.c. of the total body weight in the 
former and 5 or 6 p.c. in the latter animal. When our results on guinea- 
pigs are treated statistically it is probable, however, that most (4/5ths) 
of a 5 p.c. body weight dose of water is absorbed in 60 min. and practically 
certain that the maximum load of absorbed but unexcreted water occurs 
some 20-40 min. before the height of the diuresis. In rats this is still 
more clearly demonstrated because of the greater certainty of our results 
on water absorption. 

There is no doubt that in rats, and it is highly probable in guinea- 
pigs, that the maximum load of water in the blood and tissues precedes 
the period of maximum diuresis, and that there may be no increase in 
urinary output at a time when a quantity of water equivalent to 3 litres 
in man has been absorbed. A statistical survey of the water content of 
muscle and liver from rats which had and rats which had not received 
water, demonstrates clearly the additional water content of these tissues 
at a time when there is no appreciable diuresis (see Tables X and XI, 
and Fig. 3). The water increase in liver is rather greater than in 
muscle, perhaps due to the greater water content of portal blood during 
absorption. The delay in the onset of diuresis has been often attributed 
to the fact that the portal blood must first pass through the liver. Although 
the liver takes up proportionally more water than muscle it is certain 
from our results that in the rat the total amount of water held in the 
liver is insufficient to cause any appreciable delay in diuresis. Thus when 
5 p.c. body weight of water is given the amount of water held in the liver 
is less than 0*5 p.c. body weight even with abnormally large livers. This 
does not mean that the liver cannot be responsible for the delay in 
diuresis. Indeed Mollitor and Pick report a shortening of this delay 
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in dogs with an Eck fistula. It would appear, however, that it cannot 
be due to delay in the entrance of the water into the general circulation 
as a result of its storage in the liver, since the degree of storage is 
insufficient. 

It would appear to be demonstrated quite clearly that the 
rate of urine formation at any moment is not proportional to 
the amount of extra water then present in the blood and 
tissues. There is a time lag of 20 or more min. between the 
maximum water load and the maximum diuresis. 

In Fig. 2 it will also be observed that in rats the water-load curve 
falls below the base line. The urinary excretion and extrarenal excretion 
of water is therefore carried beyond the need of the animal to dispose of 
its excess. The total urinary output after giving 5 p.c. body weight of 
water averaged only 3*35 p.c, body weight in 3 hours and the non-fsecal 
extrarenal water loss was 3*69 p.c. body weight in the same time. The 
large extrarenal water loss was the main factor in carrying the water-load 
curve below the base line, since at this time the urinary output had 
lessened. Nevertheless it will be shown in Part II that the fall of the 
water-load curve does not determine this difference in magnitude between 
the dose of water given and the output of urine. 

Observations made by Priestley upon human subjects have in¬ 
dicated that following the administration of large doses of water the 
general blood dilution, as estimated by heemoglobin and the dried weight 
of blood, is slight, but that a dilution of electrolytes is readily demon¬ 
strated. Priestley attributes these changes to the withdrawal of salts 
from the blood: a natural consequence of the storage of water in tissues. 
In the rat this storage of water is demonstrated both by direct analysis 
of tissues and by the simultaneous study of water absorption, urinary 
output and the loss of water extrarenally. In the guinea-pig water 
storage also takes place. 

In the rabbit, however, it has been shown in this paper that there 
is comparatively little vrater storage and that water excretion appears to 
lag only a little behind water absorption. One would, therefore, anticipate 
that in the rabbit the reduction in the electrolytes of the blood would not 
be so marked. This has been shown to be the case by one of us [Smirk, 
1932]. 

Further evidence upon this is offered in a subsequent paper of this 
series. Verney explains the delay in the onset of diuresis by the time 
required for the disappearance of the pituitary hormone from the blood. 
Such a delay might arise in this way or from the time required to mobilize 
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some diuretic substance from the tissues. It is not likely that a delay 
of as much as 20-30 min. would be observed if water diuresis were the 
result of a direct action of the nervous system upon the kidney. 

Conclusions. 

1. In the guinea-pig and in the rat alimentary absorption is well in 
advance of diuresis. In rats, given 5 p.c. of their body weight of water, a 
weight equivalent to 3 litres of water for a man is usually absorbed at a 
time when no increase in urinary output has taken place. 

2. The rate of uptake of water from the gut of a rabbit is probably 
not much more rapid than the rate of excretion. There are, however, 
difficulties in the quantitative interpretation of results upon which this 
observation is based. 

3. The rate of urine formation is not proportional to the then existing 
degree of hydration in muscle, liver and blood. 

We desire to thank Profs. T. R. Elliott and E. P. Pick for their 
helpful criticism and advice, and Dr Priestley for his kindness in 
affording us an opportunity for discussion. 
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Part II. The influence of binding an animal, of its 
body temperature, and of extrarenal losses 
of water upon diuresis. 

Introbuction. 

The influence of the binding of a rabbit upon its urinary output is 
intimately related to changes in body temperature and extrarenal losses 
of water. It would be difficult to consider these subjects separately. 

Thus when an unansBsthetized rabbit is bound lightly on its back its 
temperature falls. If it is bound and kept in a room at body temperature 
then its temperature rises; and the increase in temperature of bound 
rabbits in a room at 37° C. is greater than the relatively slight increase 
in temperature of the unbound animals. 

In preliminary experiments we found that bound rabbits kept in 
rooms at ordinary temperature had a normal urinary output: but in 
rooms at 37° C. a marked inhibition of urinary output. Unbound animals 
in rooms at 37° C. had slighter urinary inhibition. The degree to which 
such reduced outputs of urine could be attributed to increased extrarenal 
losses of water was next investigated and an attempt made to separate 
experimentally the effects of temperature and of extrarenal loss upon 
diuresis. 

The effect of lightly binding an iinancesthetized rabbit upon 
its temperature and diuresis after water. 

It has been stated by Molitor [1926] that as a result of the fright 
induced in an unanaesthetized rabbit by the simple act of binding it 
to an operating table an inhibition of diuresis results, the mechanism of 
which is a central nervous system reflex independent of the posture in 
which the animal is held. On the other hand, it is also well known that an 
increase in the urinary output may co-exist with emotional over-anxiety 
in man. 

In our preliminary controls however we did not observe any reduction 
in the urinary output of bound animals. But since any such alterations 
might prove a fruitful source of misinterpretation it was thought 
advisable to pursue the matter further. 

Results. 

In a series of ten rabbits the diuresis which resulted from a given dose 
of water was compared with the diuresis from an equal dose of water 
subsequently administered to the same animals under similar conditions, 
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adding the one additional procedure of lightly binding the animal on its 
back to a small operating table. It was found that the average urinary 
outputs of bound and unbound animals did not differ appreciably 
(Table I), but that the rectal temperature of the bound animals had 
fallen—^the average fall being 1*7° C. 

Table I. The influence of lightly binding an animal upon its body temperature 

and upon diuresis. 

Unbound Boimd and allowed to cool 

A A 

t - -^ f ----^ 

Maximum Maximum 


Animal 

Diuresis 

temperature 

Diuresis 

temperature 
change in ® C. 

No. 

c.c. in 4 hr. 

change in ° C. 

c.c. in 4 hr. 

1 

106 

— 

88 

-1*6 

2 

57 

— 

86 

-2-6 

3 

87 

— 

89 

~1'9 

4 

76 

00 

106 

-11 

6 

69 

-0-2 

80 

-1*5 

6 

67 

~01 

64 

-1-9 

7 

106 

-0-3 

79 

-1-6 

8 

126 

— 

136 

— 

9 

109 

— 

67 

— 

10 

42 

— 

67 

— 

Average 

84*4 

-0-2 

84-0 

-1*7 


These experiments differ only from those described by M o 1 i t o r in that 
we allowed the body temperature of the bound animals to fall whereas 
Molitor took steps to prevent cooling. 

It would appear that the simple act of binding together with the 
resulting fail of body temperature does not produce any significant 
change in water output. 

An inhibition of diuresis co-exists with a rise in body temperature. 

Molitor prevented his bound animals from cooling by the use of 
heated tables, electric lamps or warm air chambers at 37® C., but he does 
not quote the body temperatures produced by these measures. 

The temperature of our rabbits in a chamber at 37® C. rose, and the 
diuresis after giving water was considerably reduced not only in the 
bound animals but also in the unbound controls. The temperature increase 
was greater in the bound animals as was also the reduction in urinary 
output. 

The average urinary output of the seven bound animals kept in a 
warm chamber was 16 c.c. and their average temperature increase 2*4® C., 
whereas under normal conditions their output was 81 c.c. and they had 
an average fall in temperature of 0*2® C. (Table III). 
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The average output of the five unbound animals in the warm air 
chamber was 37’6 c.c. and their average temperature increase was only 
0*3° C. Under normal conditions these same rabbits had an output of 
75‘5 c.c. and a fall in temperature of 0-2° C. (Table II). 

Table II. The effect of a warm environment upon an unbound animal. 


Unbound and not warmed Unbound and warmed 


Animal 

No. 

1 

2 

3 

8 

9 

f - 

Diuresis 
c.c. in 4 hr. 

106 

67 1 

87 

61 

66 

■ ■ ' ""'N 

Maximum 
temperature 
change in " C. 

Average of 12 
other animals 
-0-2 

-0-5 

-0-2 

f 

Diuresis 
c.c. in 4 hr. 

42 

30 

39 

39 

38 

'V 

Maximum 
temperature 
change in ° C. 

+ 0-2 
-fOO 

+0-6 
-fOO 
+ 0-8 

Average 

75-5 

-0-2 

37*5 

+0-3 


Table 111. The effect of a warm environment upon an 



animal gently boimd on its back. 



Unbound and not warmed 

Bound and warmed 

___ ^ _ 



Maximum 

r 

s 

Maximum 

Animal 

Diuresis 

temperature 

Diuresis 

temperature 

No. 

c.c. in 4 hr. 

change in ° C. 

c.c. in 4 hr. 

change in ° C. 

1 

106 1 


29 

+ 1-8 

2 

57 

Average of 12 

16 

+ 2-8 

3 

87 

i other animals 

11 

+ 2-4 

4 

75 

j -0-2 

24 

+ 30 

5 

69 J 


18 

+ 3-7 

6 

67 

-01 

6 

+ 21 

7 

106 

- 0-3 

9 

+ 1-2 

Average 

81 

-0-2 

16 

+ 2-4 


It would therefore appear that a rise in the temperature of a rabbit 
produced by keeping the surrounding air at body temperature is regularly 
associated with a very considerable lessening of diuresis. 


Does the simple act of binding cause an inhibition of diuresis if the 
fall of body temperature produced by binding is prevented? 

On a series of eleven rabbits the diuresis produced by 75 c.c. of water 
was compared in the same animals when bound and unbound. The rectal 
temperature was measured frequently during the experiment and in 
bound animals the temperature was maintained, where possible a fraction 
of a degree below the initial temperature, by transferring the animal to a 
warm chamber whenever the body temperature showed a tendency to 
fall. 
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In some animals the temperature fell more than was desirable. Group I, 
Table IV, comprises the animals where the temperature has not fallen 
more than 0-6® C. below the temperature in the control experiment, and 
Group II, Table V, comprises those animals where the temperature has 
fallen by more than this amount although as a rule less than in the 
animals of Table I where no attempt was made to prevent cooling. 


Tables IV and V. The effect of temperature changes upon the diuresis of rabbits. 

Table IV. Group I. 



Normal 

__A 

Bound and temperature 
maintained normal 

_ ^ _ 


f 

- \ 

Maximum 

* 

Maximum 

Animal 

Biuresia 

temperature 
change in ® C. 

Diuresis 

temperature 
r. change in ° C. 

No. 

c.c. in 4 hr. 

c.c. in 4 h 

10 

61 

-0-3 

15 

-0*7 

12 

34 

-0*2 

50 

-0*6 

14 

30 

-0*2 

17 

-0-7 

17 

60 

-0-5 

20 

-10 

18 

59 

(cabbage) 

-0-2 

69 

-0-4 

19 

101 

-0-4 

80 

-0-6 

20 

35 

-0-3 

41 

-0*5 

Average 

53 

-0*3 

Table V. Group II. 

42 -0-6 

Bound and temperature 


Normal 

slightly reduced 

^ _ 


f - 

Maximum 

t - 

A 

Maximum 

Animal 

Biuresia 

temperature 

Diuresis 

temperature 
change in C. 

No. 

c.c. in 4 hr. 

change in ° C. c.c. in 4 hr. 

11 

20 

-01 

93 

-0-9 

13 

29 

-0-3 

67 

-1-7 

15 

43 

-00 

37 

-1*4 

16 

64 

-0*2 

69 

-1-9 

Average 

39 

-015 

64 

’ -1^ 


It will be seen from Table IV that the total urine formed by the seven 
animals of Group I was 42 c.c. in 4 hours when bound and the temperature 
was kept normal as against 53 c.c. when they were unbound. In Group II, 
which contains four animals, the fall in temperature averaged 1*5® C., 
and the total output when the animals were bound amounted to 64 c.c. 
as against 39 c.c. when they were unbound. 

It would appear therefore that the act of binding may have some 
influence in inhibiting diuresis, since in experiments performed on the 
same series of animals maintained at the same level of body temperature 
and subjected to the same manipulations of bladder expression and 
measurements of rectal temperature, the additional procedure of binding 
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seemingly reduced the urinary output in four out of seven animals, the 
reduction in urinary output being 31 p.c. 

It must be remembered, however, that when bound the animals had 
their rectal temperatures measured more frequently, and were being 
moved between a warm and perhaps stufEy chamber and a cool room 
according to the level of their rectal temperatures. 

For the experiments described in Tables IV and V only animals were 
used with a fairly constant urinary output in successive diuresis tests. 

It is clearly very difficult to separate the effect of binding from the 
changes in body temperature even when these are slight. It is possible 
that the direction in which the mechanisms of heat regulation are acting 
(hot cold or cold hot) play a part before any significant temperature 
change is observed. 


The relationship of extrarenal loss of water to diuresis in rabbits. 

A series of five rabbits previously fed on cabbage and oats and allowed 
an unlimited supply of water were deprived of food and water overnight. 
The diuresis and non-fsBcal extrarenal losses were then determined over 
a period of 4 hours, after giving 4 p.c. of their body weights of warm 
water by stomach tube. The results of this experiment, conducted at 
ordinary room temperature (17° C.), were compared with the results 
obtained when a similar experiment was carried out in a room warmed to 
35-36° C. In all experiments the animals were unbound. 

It will be clear from Table VI that the sum of the average urinary 
and extrarenal losses of water is approximately equal in the two series 

Table VI. The relation between renal and extrarenal water losses at different 

temperatures. 


Control observation Experiment at 

at 17® C. 35-36® C. 

K A 



r 

Extrarenal 

> 

r 

^ .. 

Maximum 



Extrarenal 


temperature 

Experi¬ 

loss g. in 

Diuresis 

loss g. in 

Diuresis 

increase 

ment No. 

3 hr. 

c.e. in 3 hr. 

3 hr. 

c.c. in 3 hr. 

m®C. 

1 

13-5 

30-5 

61 0 

260 

+ 2-4 

2 

loO 

930 

300 

740 

-fO-9 

3 

100 

930 

41 5 

38-5 

+ 1-7 

4 

240 

560 

480 

240 

+ 1*6 

5 

24*5 

46*5 

88-5 

225 

+ 1*6 

Average 

17*4 

63-8 

01-8 

370 

+ 1*6 


of results, but whereas in the experiments conducted at laboratory 
temperature the urinary output of water exceeds the extrarenal loss, the 
reverse is the case in the warm chamber. There is in fact a clear inhibition 
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of diuresis which would appear to be sufficiently accounted for by the 
increase in extrarenal loss of water. 

It will be observed, however, that in experiments conducted at 
35-36° C. there is a distinct increase of body temperature, and although 


Tablb VII. The effect of previous water depletion upon a water diuresis. 
Controls (no previous 

water depiction) Experiments 


Water 



given by 

Amount 

Diuresis 

Amount 

Water 

Amount 

Diuresis 


stomach 

of water 

during 

of previous 

given 

of water 

during 


tube = 4p.c. 

in excess 

the sub¬ 

water 

by 

in excess 

the sub¬ 

Rabbit 

body 

of normal 

sequent 

depletion 

stomach 

of normal 

sequent 

No. 

weight c.c. 

c.c. 

4 hr. c.c. 

c.c. 

tube c.c. 

c.c. 

4 hr. c.c. 

22 

88 

88 

78 

70 

88 

18 

61 

23 

91 

91 

86 

86 

91 

6 

43 

24 

81 

81 

71 

67 

81 

14 

65 

26 

90 

90 

38 

67 

90 

23 

99 

26 

86 

86 

17 

59 

86 

27 

71 

27 

123 

123 

129 

44 

123 

79 

107 

28 

112 

112 

91 

57 

112 

55 

64 

29 

114 

114 

62 

49 

114 

65 

70 

30 

105 

105 

127 

43 

105 

62 

86 

31 

114 

114 

114 

46 

114 

68 

60 

Average 

100-4 

106-4 

81-3 

68-7 

““1064 

41-7 

72-6 



Fig. 1 . The effect of previous water depletion upon a water diuresis. 


extrarenal losses of water are without doubt increased it does not follow 
that the inhibition of urinary output is a result of this loss. It was 
decided therefore to produce a corresponding degree of extrarenal water 
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loss in a series of rabbits by keeping them in a warm chamber at 36® C., 
allow them to cool to normal body temperature and then to administer 
water. In this way it should be possible to separate the effects of extra- 
renal loss from those due to the slight increase of temperature. 

It will be seen from Table VII and from Fig. 1 that although a 
previous water depletion usually diminishes the diuresis from a sub¬ 
sequent dose of water, the degree of diminution when present does not 
correspond to the amount of water lost and is always less than this. 

The amount of water given by stomach tube was the same both in 
the experiments and in the controls, and averaged 100*4 c.c. in each. 
In the controls where there was no water depletion this amount given 
constitutes an excess of water above the initial quantity present, but in 
the experiments, owing to the previous water depletion, the excess of 
water only averages 41*7 c.c., although the same quantity of extra water 
has been administered per os. The diuresis which results averages in 
the controls 81*3 and 72*6 c.c. in the experiments. A diminution of 
58*7 c.c. in the excess of water produced by the preceding water depletion 
causes a fall of only 8*7 c.c. in the urinary output. In the controls the 
urinary output over a period of 4 hours is usually rather less than the 
excess of water resulting from water administration, but in the experi¬ 
ments the urinary output is in all cases greater than the excess of water, 
and is usually considerably greater. 

The changes described occur so regularly in each pair of observations 
that it is quite fair to consider these average figures as representative. 

In contrast, the urinary output obtained when the animals were in 
the warm chamber was less than the diuresis in the experiments which we 
have just described, in spite of the fact that the extrarenal loss of water 
had been much greater in the experiments at room temperature. 

It seems clear therefore that the inhibition of diuresis in a 
warm environment is not mainly the result of the increased 
extrarenal loss of water induced. 

The relationship of extrarenal loss of water to diuresis in rats. 

Since it is difficult to determine the rate of water absorption from the 
gut of a rabbit it was thought desirable to repeat our observations on 
rats and to ascertain whether the diminished urinary output resulted from 
interference with water absorption. It is also of interest to study the 
relationship of temperature, extrarenal loss and diuresis in a small animal 
where one would expect the part played by extrarenal loss to be 
greater. 
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The water-absorption rate of rats in a room at 37® 0. 

A series of five rats were fed for 3 days on bread and milk. They were 
allowed water up to within 1 hour of the experiment, but were deprived 
of food for 12 hours except that by mistake they had access to dry biscuit 
for a short time several hours before the experiment—^there was no 
appreciable residue in the alimentary canal at the conclusion of the experi¬ 
ment. 

The rats were placed in the warm chamber for 1 hour and then given 
5 p.c. of their body weight of warm water and returned to the chamber. 
At the end of 40 min. they were killed and the alimentary canals removed 
and weighed together with their contents and expressed as a percentage 
of the total body weight. 

The results obtained were 8-1, 6*6, 7-7, 6-7, 6-1 p.c., averaging 7*0 p.c. 
From similar experiments conducted at room temperature and described 
in Part I [Heller and Smirk, 1932] we may conclude from the average 
water-absorption curve obtained (Part I, Fig. 1) that the normal 
average is 6*8 for animals allowed water up to the time of the experiment. 
It is therefore clear that there has been no appreciable delay in water 
absorption. Any clear inhibition of urinary output in similarly treated 
animals is not to be attributed to diminished alimentary absorption. 

The influence of a warm environment on renal and 
extrarenal water elimination, 

A series of eleven rats, fed on bread and milk to within 12 hours of 
the experiment, were weighed and placed in a large incubator at 37® C. 
for 1 hour. They were then re-weighed, adding to their weights the weight 
of any feces passed during this hour. Their urine was collected on cotton¬ 
wool swabs and was also weighed. 5 p.c. of their original body weights of 
warm water was next administered and the animals returned to the 
incubator. The resulting urine was collected at frequent intervals and the 
non-fsecal extrarenal loss was again ascertained by weighing. The urinary 
outputs and extrarenal losses are expressed as a percentage of the 
animars total body weight and are compared with the results of similar 
experiments upon the same animals conducted in a normal environment 
at ordinary room temperature. 

Table VIII compares the total outputs of urine and the extrarenal 
losses of these animals at laboratory temperature and at 37® C. Fig. 2 
gives representative diuresis curves for the animals in the different tem¬ 
perature environments. 
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Table VIII. The relationship between diuresis and extrarenal loss 
in experiments on rats. Conducted at 37*^ C. 



Urinary output 

Extrarenal loss 


per 3 hr. as 

per 3 hr. as 

Rat No. 

percentage of 
body weight 

^roentage of 
Dody weight 

24 

M9 

4*15 

25 

1*54 

4*60 

5 

0*66 

5*40 

7 

3-25 

4*85 

8 

400 

3*70 

9 

3*65 

3*35 

12 

3-26 

5*85 

13 

0*98 

10*40 

14 

1*36 

8*10 

15 

1*40 

4*35 

16 

2*05 

7*40 

Average 

2*12 

6*67 



Fig. 2. The relations between environmental temperature, extrarenal 
water losses and diuresis. 

It will be observed that there is a moderate diminution in the total 
urinary output and an increase in the extrarenal water elimination, the 
results being similar to those obtained in rabbits except for a lesser degree 
of renal inhibition. 

Three more rats were only placed in the incubator after giving water. 
Their urinary outputs were 2*34, 2-92, 1*46 c.c. per 100 g. rat, and the 
extrarenal losses of water 6*0,6*9 and 5*4 g. per 100 g. rat for the 3 hours. 
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The inhibition of diuresis is not well marked, and it appears necessary to 
have the animal in the warm environment for a short time before giving 
the water. 

In five of the experiments from Table VIII the rats were removed 
from the warm chamber at the end of 2 hours. At this time it appeared 
that the secretion of urine had ceased, and from the previous experiments 
it seems justifiable to conclude that if they had been left in the warm 
chamber for the full 3 hours there would have been no further increase 
in urine formation during the last hour. 



Fig. 3. Inhibition of diuresis by warmth and renewal by cold. 

But although none of the animals left in the warm chamber had any 
appreciable increase in urine after the first 75 min. all animals removed 
from the warm chamber had, after an initial delay, a further increase in 
the urinary output (see Fig. 3). 

This observation provides strong evidence that extrarenal loss of 
water does not sufficiently explain the urinary inhibition observed in the 
warm environment. If the sole explanation of the lessened urinary 
output was the increased extrarenal water elimination, then from the 
time the extrarenal water loss had been sufficiently great to inhibit urine 
formation one would expect no further increase in the urine secreted imtil 
the animal was given a fresh supply of water. This, however, is clearly 
not the case, and one must postulate some factor other than the water 
content of the tissues. 
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It is possible that a slight increase in body temperature may be 
present in rats as in rabbits, and may be the primary or a secondary cause 
of the reduced urinary output. 

Wdter diuresis without water excess. 

It is natural to suppose that water given to an animal depleted of 
water would first be used to make good the deficit, and that only the 
unneeded excess would be excreted. In the rat, as in the rabbit, it can 
be shown that this is not the case with moderate losses of water. 

A series of eleven rats were placed in the warm chamber at 37° C. 
(with short intervals at room temperature) for a period of 3 hours and 
the non-feecal loss of weight recorded. In most instances the loss amounted 
to more than 5 p.c. of the animals’ weight, the normal loss at laboratory 
temperature being about 3*7 p.c. for a corresponding time (Table X). 

The animals were then allowed about 1 hour at laboratory temperature 
and were given 5 p.c. of their original body weight of warm water by 
stomach tube. The resulting urinary outputs and extrarenal losses were 
determined in the manner already described, and the results again ex¬ 
pressed as a percentage of the original body weight. 

It will be seen in Table IX and Fig. 4 that the total urinary out¬ 
puts are only slightly less than the outputs of the animals under normal 
conditions (Table X and Fig. 4), and it is quite clear from this 
that water diuresis follows approximately its normal course in the rat as 
in the rabbit when there is no excess of water present in the body, and 
even when there is actually a deficit of water in spite of the additional 
fluid administered. 


Table TX. Diuresis without water excess in rats. 



Extrarenal 
loMS of water 

3 hr previous 
to giving water 
by stomach 
tube as p c of 

Amount of 
water leiven 
per 08 as 
p.c. of 

body weight 

Residual 

l^rinary output 
in the 3 hr. 
after giving 
water as 
p c of 
body weight 

Extrarenal loss 
in the 3 hr. 
after giving 
water as 
n c of 
body weight 

Rat No. 

body w’elght 

water deficit 

3 

41 

5 ^ 

-0-9 

3-40 

2-60 

4 

51 

5 ^ 

01 

1-82 

2-85 

5 

41 

5 

-»0-9 

1-60 

3-20 

6 

5-5 

6 

0-5 

2-67 

— 

22 

60 

5 

10 

2-87 

— 

23 

6-6 

5 

1-6 

305 

— 

7 

60 

5 

10 

310 

2-80 

8 

4-3 

6 

-0*7 

3-85 

3-75 

9 

3-9 

6 


3-75 

3*76 

10 

4-2 

5 

-0-8 

1-71 

6-30 

11 

61 

5 

01 

2-52 

3-3 

Average 

50 

5 

0-0 

2*76 

3-56 


3 


PH. LXXVI 



c.c. per 100 g. rat 



Fig. 4, Water diuresis without excessive water in the body. 

Each vertical line represents one experiment. The height of the x above or below 
the zero line represents the excess or deficit of water in the body after the w'hole of the 
5 p.c. body weight of water given has been absorbed, deficits being the result of 
previous water depletion. The height of the 0 above the zero line represents the 
urinary outputs resulting from water administration. The thick lines in the middle of 
the diagram represent the average values of the two groups of results. 


A. Controls. (5 j).c. of body weight of water by stomach tube.) 

B. Experiments. (5 p.c. of body weight of water by stomach tube, the rats being 
previously depleted of water [average depletion = *5 p.c.J.) 
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Table X. Diuresis with water excess in rats (no previous water depletion)* 



Amount of water 




given per os as 

Urinary output in 

Extrarenal loss in 


percentage of 

the 3 hr. after 

the 3 hr. after 


body weight = 

giving wat/cr as 

giving water as 

Rat No. 

Excess of water 
in the body 

^rcentage of 
body weight 

percentage of 
body weight 

1 

5 

3-00 

2-00 

2 

5 

2-36 

2‘90 

3 

5 

4*50 

1-65 

4 

5 

3-25 

1-80 

5 

5 

215 

2*90 

6 

5 

205 

2-75 

7 

5 

415 

5-20 

8 

5 

400 

6-70 

9 

5 

3-60 

5-60 

10 

5 

2*75 

7*20 

11 

5 

2-80 

8-40 

12 

5 

2-80 

3*50 

13 

5 

305 

1-95 

14 

5 

3-30 

3'55 

15 

5 

2*90 

2-10 

16 

5 

415 

3-20 

17 

5 

3-75 

2*65 

18 

5 

3-60 

2-45 

Average 

5 

3-29 

3*69 


It is therefore a reasonable deduction that the inhibitions of diuresis 
which were observed in these animals in the warm chamber could not 
be due to the relatively slight extrarenal losses, and in all probability 
were the result of the slight increases in body temperature which were 
observed in unbound rabbits under similar conditions (see Part I of 
this paper). 

Discussion 

In small animals such as the rat and rabbit the extrarenal loss of 
water is large, and in the rat it frequently equals the urinary output. 
This loss would appear to be mainly from the respiratory tract, and since 
oxygen requirements are proportional to surface rather than to weight 
the pulmonary ventilation of small animals must be large relative to 
their weight. For this reason, and because the body temperature in rats 
is about 2^^ C. higher than in man, a relatively large loss of water from 
the lungs is to be expected. 

Thus in rats the extrarenal water loss at room temperature has 
averaged 1*23 g. per hour per 100 g. rat, and in rabbits it has averaged 
0*29 g. per hour per 100 g. rabbit. In a single experiment on a man the 
extrarenal loss was roughly 0*04 g. per hour per 100 g. man. 

When rats or rabbits are placed in a chamber at 37° C. the necessity 
for heat regulation causes an increase in the respiration rate, and as one 

3—2 
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would anticipate an increased extrarenal loss of water. At the same 
time the urinary output is diminished and in rabbits there is a slight 
increase in body temperature. (A slight increase in body temperature 
was also observed in the few rats in which it was measured.) It would 
be a reasonable supposition that the loss of water by another channel 
explains the lessened output of urine; but in Part I it was shown that 
the rate of urine formation at any given moment was not parallel to the 
excess of water in the body at the time. We therefore decided to explore 
the possibility of some other factor being the cause of the reduced urinary 
output. 

With this object in view a series of experiments were performed 
in which the animals were allowed to lose water extrarenally before 
giving water by stomach tube. Now although the total extrarenal loss 
of water was greater than normal in the rabbits and rats where the 
diuresis was conducted in a warm chamber (Tables VI and VIII), yet it 
was even greater in the above-mentioned animals which were allowed to 
lose water extrarenally and were removed from the warm chamber 
some time before receiving their dose of water. Despite the greater loss 
of water in these latter animals their outputs of urine were considerably 
larger than the outputs of the rabbits which were kept in the warm 
chamber while diuresis was in progress. 

These results are more clearly demonstrated in the rat, in which 
animal the extrarenal loss is relatively great. Thus, in several experiments 
when, despite the addition of water per os, there is still a deficit of water 
in the body, a typical diuresis is obtained not appreciably less than that of 
normal controls. 

It appeared, therefore, that it was some effect of a warm environment 
other than increased extrarenal loss of water that was responsible for the 
inhibition of renal activity. It has also been shown that this factor is 
not the failure of water absorption. Again, 2 hours after giving water 
when the urinary inhibition produced by the warm chamber appeared 
complete, five of the rats were transferred to a cage at ordinary laboratory 
temperature. A second though smaller diuresis was obtained in all rats 
after their removal from the warm chamber although no more water had 
been given. But no such diuresis was obtained in the third hour in any 
rat left in the warm chamber. 

It is clear that if extrarenal loss alone had been the factor responsible 
for urinary inhibition then there would have been no second diuresis in 
the rats removed from the warm chamber at the end of 2 hours. 

Since it has been shown that the temperature of the rabbits is increased 
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in the warm chamber it seems not unlikely that the increase in temperature 
or some factor related to it is responsible for the urinary inhibitions. In 
favour of this may be quoted the effect of immobilizing rabbits. We have 
shown in the earlier part of the paper that the temperature regulation 
of rabbits appears to be upset if the animal is immobilized and that on 
placing immobilized rabbits in the warm chamber their temperatures rise 
by 2 or 3® C., whereas unbound animals have increases of less than 1® C. 
Likewise at ordinary room temperatures the body temperature is main¬ 
tained in unbound rabbits but falls a degree or so in bound rabbits. 

The ordinary inhibitions produced by a warm chamber at 37° C. are 
much more complete in bound animals where the rise of body temperature 
is appreciable than in the unbound animals where the rise of body 
temperature is slight. The balance of evidence is rather in favour of 
changes in body temperature being responsible for urinary inhibition. 

The fact that a normal diuresis can be obtained when there is no 
excess of water present in the body indicates clearly that water diuresis 
is not a delicate expression of the body’s water needs, and that it may 
take place when the animal’s water reserves are already depleted and 
cause a still further reduction in the water reserves. 

Part I provides a further illustration of the absence of parallelism 
between the water content of the tissues and urinary output at the time, 
and a previous paper by one of us [Smirk, 1932] confirms the obser¬ 
vations of Priestley that diuresis is not dependent upon the increases 
in the water content of blood as measured by the haemoglobin percentage. 

Water diuresis does not appear therefore to depend upon 
an excess of water in the blood or tissues and may actually 
take place when the water reserves are depleted. 

Conclusions. 

1. In rats and rabbits a previous reduction of the water reserves of 
the body fails to produce an equivalent diminution in the diuresis which 
follows the administration of water per os. 

2. In rats a typical water diuresis has been obtained when there is no 
excess of water in the body. 

3. In air at 37® C. rabbits and rats have a reduced urinary output 
and an increase in their extrarenal loss of water. The increase in the 
extrarenal loss of water is not mainly responsible for the inhibition of 
renal activity. The inhibition may be caused by the slight increases in 
body temperature observed under these conditions. 
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4. The simple binding of a rabbit alters its temperature regulation 
to a degree which necessitates the control of this factor in diuresis 
experiments. 

We wish to thank Prof. T. R. Elliott for his helpful criticism and 
advice. 
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THE RELATION OF ATHLETIC STATUS TO THE 
PULSE RATE, IN MEN AND WOMEN. 

By F. S, cotton. 

(From the Department of Physiology, University of Sydney,) 

Physiological literature contains a number of references to the fact 
that exceptionally slow pulse rates have been recorded in the case of 
highly trained athletes. Yet a search for precise data on the subject 
reveals the fact that very few observations have been made on it, and 
as far as the writer has been able to ascertain no data have been pub¬ 
lished giving the exact status of a series of athletes and their respective 
pulse rates. 

The cliief references to this topic appearing in the literature are given 
in the following brief review: 

In 1909 Miss Buchanan, in writing “On the physiological signifi¬ 
cance of the pulse rate,” thought it noteworthy to record the fact that 
a famous Oxford stroke had a resting pulse rate of 45. In the same 
year Michell published an account of observations on a large number 
of undergraduates at Cambridge who took up athletics during their 
University careers. He found that the average pulse rates (including 
early morning and late evening pulse rates) which were counted under 
nearly basal conditions were: first year 69, second year 64, and third 
year 56. When school athletes were excluded from the group the averages 
were: first year 74, second year 68, and third year 58. 

Although these figures show conclusively that athletic training de¬ 
creases the resting heart rate, the extent of the slowing may be exag¬ 
gerated in these figures for a reason that is discussed at the conclusion 
of this review. 

Michell [1909] further records that when a picked team of men, 
some of whom at least have been taking part in some form of exercise 
for more than 3 years (for example a University eight), is examined, 
the early morning frequency may be 62; the rate in some individuals 
being 48 or 46. 

Dawson [1919], who observed the effect of physical training on 
pulse rate and blood-pressure during training, found that the resting 
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pulse rate was decreased after the period of training, but quotes no 
actual figures. In 1926 he further investigated the effect of athletic 
exercise on the resting pulse rate, this time in girls from 13 to 19 years 
of age. 

In one set of observations the athletic girls showed an average pulse 
rate (recumbent) some 11 beats (85-74) below the non-athletic group, 
while in another set, the decrease in the athletic girls averaged 4 beats 
less per minute (84-80). 

In 1927 Henderson, Haggard and Dolley, writing on the signifi¬ 
cance of rapid and slow pulse rates, state that “athletes frequently have 
very slow pulses, their rates are ten to twenty or even thirty beats slower 
than in men of sedentary habit.” They give no group results, as these 
observations formed part of a wider investigation. In the protocols of 
other data however, the minimum resting pulse rate was 45 per minute. 

In 1927 Schneider, Clark and Ring investigated the influence of 
physical training on the basal pulse rate in the case of five subjects who 
took up strenuous exercise for periods ranging from 4 to 16 weeks. The 
extent of the work was not less than 1 hour daily and included tennis, 
running, handball and swimming. The basal pulse rates were on an 
average slower after the period of training in the case of four out of the 
five subjects, to the extent of some 2 to 3 beats per minute. 

Although the results are consistent with the previously recorded 
observations, the conclusions are vitiated by the fact that no account 
was taken of the possibility that a seasonal influence might be operating 
to produce a change in the basal pulse rate. That this might be an 
important factor to consider in observations extending over relatively 
short periods, is evident from the work of Griffiths, Pucher and others 
[1929], who found in four subjects a seasonal change in the basal pulse 
rate over a period of 2 years, with a summer minimum averaging some 
7 beats per minute lower than the winter rate. 

In 1929 Hoogewerf made an extensive series of electro-cardiographic 
observations on over 200 Olympic athletes. He mentions incidentally 
with regard to the pulse rate that the mean value was 60. No attempt 
was made, however, to grade or classify the athletes in any way, nor 
was any measure of variability indicated by standard deviation, probable 
error, etc. This aspect of the data was not developed, probably because 
no pulse rates were actually counted for the full minute, but were deter¬ 
mined from the short period of the electro-cardiographic tracing. 

It is therefore probable that Hoogewerf recognized that the record 
time was too short to yield accurate individual data, suitable for statis- 
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tioal treatment, but that the mean pulse rate of all would approximate 
to the true value. 

Contemporaneously with Hoogewerf’s observations, Br am well 
and Ellis [1929] conducted a clinical investigation on the same set of 
athletes. These workers were apparently more interested in other 
measurements, and although the resting pulse rates are given for the 
various groups of athletes, no special attempt was made to achieve 
really good conditions of rest. 

Since, however, the athletes were all observed under approximately 
the same conditions it is of interest to pick out the runners from the 
tables and place them in a series together as follows: 


Type of ninner 
Sprinters 

Middle distance runners 
Lonff distance runners 
Marathon runners 


Resting pulse rate 

66 

63 

61 

58 


It will be seen that wc have arranged the runners in order of the in¬ 
creasing duration of their athletic exercises. It is at least striking that 
the mean pulse rate decreases in each case in the same direction. 
Although the number in each group (15-30) is not large enough for 
inferences statistically sound, this relationship becomes more significant 
in view of the facts already reviewed, and of the data presented later 
in this paper. 

Of all the data quoted in the foregoing, that recorded by Dawson 
[192G] on girls and Michcll on men undergraduates are the only cases in 
which really systematic observations were made to assess the effect of 
physical training on the pulse rate. 

Dawson’s results appear quite convincing; but on account of the 
age and sex of the subjects (young girls), the amount of athletic training 
was probably but moderate, so that nothing exceptional was recorded 
in regard to really slow heart rates. 

The same cannot be said with regard to Michell’s data, for it is 
quite possible that part of the decrease in pulse rate in the three successive 
yearly tests may be due, not to real changes in the individuals, but to 
the experimental conditions operating in two ways, viz.: 

(1) To an increasing degree of care on the part of the observer in 
ensuring complete rest of the subject. This is suggested by the figure 74 
quoted as the mean pulse rate in the first-year series. This average is 
exceptionally high for conditions that include both early morning and 
late evening counts, even for an unselected set of men, whereas MichelTs 
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group included a good many athletes. Judging from our own figures and 
those quoted in the literature one would not expect a higher mean pulse 
rate than about 66 under these conditions. It is therefore scarcely 
possible that the subjects were taken in the first year under adequate 
conditions of repose. 

(2) To the possibility that increasing familiarity of the subject with 
the observer and the conditions of the experiment may make for some 
improvement in the resting state. 

This criticism may be supported by the fact that the basal pulse rates 
in the case of three separate groups of medical students, taken under 
the same conditions at the University of Sydney, were lower in a second 
series of observations on the basal pulse rate made 12 months after the 
first. In the second set of observations the extent of the decrease in the 
pulse rate was 4, 1 and 2 beats per minute respectively in the three 
groups. 

It is worth noting in passing that according to Sutliff and Holt 
[1925], the age gradient in pulse decrease is insignificant at this time of 
life, so that this factor need not be considered in Michell’s results nor 
in the second point of criticism of them. 

It would seem, therefore, that the objections advanced above could 
only be removed by obtaining the basal pulse rates of a group of subjects, 
and dividing them into sub-groups on the basis of extent of athletic 
training, and by reducing the effect of individual variation to a negligible 
amount by making the numbers in the sub-groups sufficiently large. 
This was attempted in a set of observations which are described in 
section 2 of this paper. 

The same procedure appears already to have been adopted by 
Pembrey and his co-workers in analysing the pulse data of some 
94 men and 103 women. 

As the writer has not been able to obtain the original reference to 
discover how the division into athletic and non-athletic subjects was 
made, he can make no comment on the data other than draw attention 
to the fact that greater numbers than those observed would be necessary 
to stabilize the difference in pulse rate between the two constituent 
groups of subjects. 

A summary of Pembrey’s [1922] results is given by Lamb [1930] 
in his book on Human Physiology. The mean value for trained subjects 
was 61 as against 72 for the untrained subjects in the case of men, and 
for the corresponding groups of trained and untrained women 75 and 
84 respectively. 
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The objects of the present communication are two in number: 

(1) To present the basal pulse rate data in the case of two highly 
trained groups of athletes (one of which shows the lowest mean basal 
pulse rate yet published), and to record in this connection the exact 
status of each athlete on a quantitative basis. 

(2) To describe an investigation of the variation in basal pulse rate 
in both men and women according to extent of physical training. 

Section 1. 

Dealing with quantitative athletic status and basal pulse rate 
of exceptional athletes. 

It is naturally a difficult matter to obtain extensive data along these 
lines, for not only is the field of subjects highly restricted, but it is no 
easy matter to realize the conditions necessary for determining their 
basal pulse rates. 

In the year 1921, however, an opportunity arose for obtaining these 
data, when a number of selected athletes, including Olympic competitors 
from abroad, were grouped together at the same hotel while taking part 
in the swimming championships of Australia. The pulse rates were 
counted after a night’s rest, the subjects remaining recumbent in bed 
after waking, until the observations had been made. Several counts 
were made on successive mornings on each subject. 

The essential data are given in Table I, together with a detailed 
account of the status of each athlete. 

It should be noted that the group is small, since it is restricted to 
those having to their credit at least a championship of one of the states 
of Australia. In addition each athlete has at least been placed first or 
second in an Australian swimming championship, and two of them have 
each had the distinction of being the world’s best middle distance 
swimmer of his day. 

The quantitative status of each athlete is assessed by expressing his 
best performance (officially timed in a championship race), as a per¬ 
centage of the existing world’s best for the distance. For example, let 
T, be the subject’s best official time for a given distance and let T^ 
be the world’s record for the same. Then, since the quality of a per¬ 
formance varies inversely as the time, the quantitative status is given by 

X 100. 

^ s 

Ten years later, in 1931, a further opportunity presented itself for the 
recording of data from another group of athletes of exceptional calibre. 
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Table I, Basal pulse rates and status of a number of champion swimmers. 
Quantitative 



status. 

World’s 

record 

General status of athlete Athlete’s 

Basal 
pulse rate 

Weight 
in kg. 

Age in 

No. of 
years of 
sti'enuous 
athletic 

Initials 

(01. A.)»01ympic Athlete 

best 

Mean 

Minimum stripped 

years 

training 

L,L. 

Holder of world’s record for J mile (01. A.) 

100-0 

52 

47 

70-0 

30 

14 

F. E. B. 

Winner of innumerable championships 

99-9 

50 

49 

C)5-9 

30 

15 

P. K. 

from 220 yd. to 1 mile in Australia and 
Europe over a period of 15 years (01. A.) 
Won several Australian championships. 

98-1 

42 

41 

80-9 

19 

3 

F. S. C. 

Placed second 100 metres, Olympic Games, 
1920; representative of U.S.A. (01. A.) 
Winner of J mile and | mile championships 

95-6 

40 

38 

65-6 

31 

12 

I.S. 

of N.S.W, (Australia) and .second in ^ imle 
championship of Australia 

Won many state championships of Victoria 

94*8 

53 

52 

72-7 

30 

12 

M. C. 

(Australia) over a period of years. Esta¬ 
blished Australian record for 220yd. breast 
stroke (01. A.) 

Placed second in | mile championship of 

94-7 

47 

41 

65-9 

21 

4 

s. s. 

Australia. Subsequently won many 
Australian championships from i to 1 mile 
(01. A.1 

Whinner of several championships of 

93-8 

49 

40 

5G-4 

31 

13 

S. B. 

Queensland (Australia) from J to 1 mile 
Winner of breast-stroke and back-stroke 

91-3 

47 

43 

59-1 

24 

5 


championships of N.S.W. Winner of 
220 yd, breast-stroke championship of 
Australia 

Mean 

96-0 

47-5 

44-0 

()7-0 

~27‘^ 

^ib 


Table II. Basal pulse rates and status of highly trained middle distance runners. 


Initials 


General status of athlete 


Quantitative 

status. 

\Vorld’.s Basal 

pulse rate Weight 

AtlUete’s ,--^ in kg. 

best Mean Minimum stripped 


No. of 
Veal’S of 
strenuous 
Age in athletic 
years training 


J. H. B. Winner ^ mile championship, Sydney Uni¬ 

versity, 1930. Winner ^ mile open scratch 
race N.S W. (.\ustralia) 

P. H. W. Winner mile championship, Sydney Uni¬ 
versity, 1929, 1930, 1931. Ex-holder 
University mile record 

K. S. J. Holder of N.S.W. junior state record for 

i mile 

R. B. T. Winner i mile championship, Sydney 
Univfjrsity, 1931. Holder University 
1 and 2 miles ripcord 

G. R. J. Half-mile runner. No cliampionships to 
his credit 

Mean 


94-8 

50 

48 

81-8 

22 

5 

93-8 

62 

60 

61-8 

21 

5 

93-1 

58 

56 

66-0 

20 

4 

92-2 

49 

48 

64-5 

20 

4 

91-2 

53 

50 

73-1 

18 

3 

93*0 

54-4 

52-4 

69-4 

20 

4 


Although only five in number these men form far the best and most 
highly trained group of middle distance runners ever present at the 
University of Sydney. The data, set out in the same way as in Table I, 
are given in Table II. 
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Commerds on Tables I and 11. 

It is a striking fact that BramwellAnd Ellis found the lowest pulse 
rates of all groups of Olympic athletes examined to occur in the case 
of the Marathon runners, where the mean age was greater than in the 
other group. They say “the Marathon runners are quite a distinct type. 
They are much older men, in the late twenties and early thirties.” The 
mean age given for the group was 27 years. This is suggestive that the 
effect of exercise in decreasing the heart rate continues to operate 
steadily over a period of years. It will be noted that the mean age of 
the group of swimmers of Table I is also unusually high—27 years— 
five of the eight being over 30 years of age. Moreover, four of these five 
were then at the apex of their physical condition, inasmuch as during 
that year they recorded better performances than ever before. 

The number of years of hard physical training is on that account 
much greater (10 years) than in MichelTs rowing eight (3-4 years), or 
of the group of half-mile runners of Table II (4 years). 

In explanation of the long periods of training quoted in certain cases 
in Table I, it should be stressed that these arc quite conservative. It 
may be mentioned that it is not uncommon for champion swimmers to 
mature early' and to maintain their form for much longer periods than 
most athletes. No better example can be given than in the case of 
F. E. B. of Table I who at the age of 14J years won the quarter-mile 
championship of Victoria, and who won in all 32 championships of 
Australia commencing at the age of 15 and concluding his series at the 
age of 33. In addition his first and last appearance as a representative 
of Australia and place winner at the Olympic Games, were spaced 
16 years apart (1908 and 1924). 

Whether or no these are the influences that have operated to produce 
the lowest mean basal pulse rate for a group yet recorded, it is not 
possible to say, as the number is too small for statistical significance. 
Only an accumulation of such data could settle the question. 

^ For example, a world’s record has been bnjkeri by a swimmer of 15 years of age, 
a thing without parallel in any other sport. The same swimmer (A. Charlton of Australia) 
at the age of 16 won the 1500 metres race in 20 min. 6^ sec. at the Olympic Games (Paris, 
1924), again breaking the world’s record for the distance. 
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Section 2. 

Dealing with quantitative athletic status and basal pulse rate 
of athletes of varied calibre. 

The object of the observations now to be described was to obtain 
data as to the eiBEect of athletic exercise on the pulse rate in such a way 
as to obviate any fallacies such as may have affected the observations 
recorded by Michell. 

In presenting the results it is felt that still larger numbers of subjects 
in the groups would have been desirable, but as the data were necessarily 
obtained in different years and not always under the same conditions 
of rest or time of day for different groups, these have been kept separate. 
On the other hand, the fact that all groups show the same kind of change, 
though varying in degree, reduces to the vanishing point the possibility 
that the differences occur by chance. 

The method of grading any one group of subjects (whose individual 
pulse rates were all determined under the same conditions) into various 
sub-groups according to their athletic history was in the first instance 
as follows: 

A general questionnaire was prepared setting out in tabular form all 
the common forms of sport, recreation and athletic exercises. The sub¬ 
jects, who were practically all medical students (between the ages of 
19 and 21 years), were required to fill in an account of their activities 
in each section, and to indicate the degree of proficiency attained. For 
example, a subject might record that he had played first grade football 
for two seasons, had run a mile in a certain time, and so on. 

Upon examination of the forms an attempt was made to classify 
the subjects into four groups: 

(1) Those of less athletic calibre than the average. 

(2) Those of average athletic calibre. 

(3) Those of rather higher athletic calibre than the average. 

(4) Those of a distinctly high athletic calibre. 

Although a somewhat different set of groupings might have resulted if 
the completed forms had been sorted by different investigators, the 
writer was satisfied that a reasonably good sub-division had been arrived 
at when all had been considered. 

Certain guiding principles were employed in the assessment of the 
athletic histories, e.g. a first grade footballer, playing for several seasons, 
would be placed in the fourth group, whereas a second grade footballer 
would be placed in the third group. Again, the fact that a subject had 



RELATION OF ATHLETIC STATUS TO PULSE RATE. 47 


run the mile in something of the order of 6 min. would qualify him for 
group 4, while a performance of 6^ min. for the mile would qualify for 
the third group. Further, where several sports or games had to be con¬ 
sidered collectively, football and rowing were regarded as more strenuous 
than hockey, the latter more strenuous than cricket, and so on. In the 
case of swimming, the specified quotation of certain times for distances 
was a valuable guide. 

In all there were 121 subjects in this first investigation, who were 
grouped as described. 

As the number in the fourth group was too small, it was decided to 
amalgamate this with group 3, and thus to compare the basal pulse 
rates for the three main subdivisions: 

(1) Those of less athletic calibre. 

(2) Those of average athletic calibre. 

(3) Those of greater athletic calibre. 

The results were rather unexpected, as very little difference was 
shown in the three groups, viz.: 

Group 1. Mean basal pulse rate 61*9 

Group 2. „ 61*7 

Group 3. „ 59*5 

The writer found it difficult to understand why so small a difference 
as 2*5 beats per minute should appear between the extreme groups, in 
view of the profound decrease in the pulse rate of the group of athletes 
in Table I. It seemed possible that a distinct effect in lowering the pulse 
rate might only be produced by very intensive physical training, and 
that in the group examined there were too few heavily trained subjects 
to make much impression upon the group averages. Further, in the case 
of the two groups given in Tables I and II, their calibre is fixed by 
definitely measurable criteria which lends significance to the results in 
spite of paucity of numbers, whereas in the student groups errors of 
classification may operate to quite an imknown extent. 

As the results were not encouraging the observations were abandoned, 
and were only revived many years later upon the consideration of a 
fresh point of view. In 1930 it was decided to re-investigate the matter 
by changing the method of grouping. 

Now it often happens that a first grade footballer or a first class 
runner may owe his pre-eminence more to innate physical ability^ than 

^ This disturbing factor would be negligible where athletes of the calibre of those in 
Tables 1 and II are concerned, since in these cases competition is so keen as to demand 
hard training on the part of the athlete. 
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to actual training, and may have undergone less actual physical exercise 
than, say, a second grade footballer or a second class runner. Wherever 
this occurs the grouping would run counter to the principle of sorting.* 
aimed at, and the result of such occurrences would tend to “blur’’ the 
distinctness of the groups. 

On the other hand, practically every individual indulging in various 
games and sports comes into contact with a good many of his peers, and 
has every opportunity of gauging the relative extent of his own training 
in relation to the rest. 

In consideration of this fact it was decided to attempt a fresh mode 
of grouping where the classification was made by the individual himself 
in relation to his fellows. Instead then of an elaborate questionnaire 
each subject was asked to consider carefully the totality of physical 
exercise of every description that he had ever undertaken, and to classify 
himself into one of the following groups: 

(1) A group having had a history of less athletic exercise than the 
average. 

(2) A group having had a history of about an average amoimt of 
athletic exercise. 

(3) A group having had a history of more athletic exercise than the 
average. 

Here again some overlapping must inevitably occur owing to absence 
of measurable criteria, so that any real difference would thereby be 
diminished. In spite of this, the first group examined in this way showed 
a distinct difference in the sub-groups, as did each subsequent group 
without exception, even when the numbers were relatively small. This 
was true not only of the results of the basal pulse rate determinations, 
but also when observations were made under daytime conditions, both 

(а) when all the subjects of a group were rested sitting for a period 
of not less than 1 hour, and 

(б) when all the subjects were taken sitting but for a short period 
of rest only. 

The results for each group are given separately in Table III. 

It should be emphasized that each individual pulse rate from which 
the sub-group average was determined, was itself a mean of not less 
than six counts on the subject, and for the most part on anything from 
three to six separate occasions. 

It is clear, therefore, that each individual value was a reliable one, 
and on this account any tendency of chance variations to blur the 
distinctness of the group mean would be minimized. 
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Tablb 111. Difference in the mean pulse rates of groups of subjects (males) classified 
according to the extent of their athletic history. 

Sub-groups 

Less Average Greater Column 3 Mean for No. of 

No. of athletic athletic athletic minus whole subjects 

group history history history column 6 group in group 

1 64-7 58-9 54-6 10 1 68-4 72 

2 66-3 630 57-7 7 6 62*3 42 

3 66 1 63 1 560 10 1 61-7 37 

4 67-3 630 60*9 6-4 62-8 30 


Mean or total 

— 


— 

•— 

8-8* 

62-2t 

181 

Daytime 

5 

74-1 

72*6 

65-5 

8-6 

70-4 

50 

6 

791 

76-4 

71-5 

7-6 

74-6 

60 


7 

82-5 

700 

65-1 

17*4 

70-5 

84 


8 

80*1 

780 

73*9 

6-2 

77-4 

43 

Mean or total 

— 

— 

— 


10-9* 

71*7t 

237 


* It should be noted that the means of the differences in pulse rate are not simply the 
means of the numbers appearing in the column labelled (column 3 minus column 5), but 
the weighted mean of the numbers, thus allowing the larger groups to exercise their due 
influence on the final mean. 

f In obtaining the means for all groups in the basal condition, group 1 is omitted, as 
^t was not strictly comparable with the others, for the reason explained subsequently in 
the text. Group 8 is omitted from the daytime average for the same reason. Here the 
true resting condition was not aimed at, and the group results are therefore distinctly 
elevated. 

Comments on Table III, 

The relatively low rates of group 1 are to be explained by the elimina¬ 
tion of the higher counts of the series of individual basal pulse rates in 
obtaining a mean individual figure. Every subject shows a certain ten¬ 
dency to vary, even on the same occasion as well as at different times 
under apparently the same conditions. By elimination of the higher 
values and retaining the lower consistent figures, the results approximate 
nearer to “true basal” pulse rates as distinct from “mean basal” pulse 
rates, which are given as the average of all determinations imder the 
same standard basal conditions. 

The remaining groups 2, 3 and 4, on the other hand, show mean basal 
pulse rates closely consistent with those published in the literature. 
Here the average of all groups is 62*2, whereas the following values are 
given by various writers: Korosy [1911] 63*3, Harris and Benedict 
[1919] 61*3, and Sutlif f and Holt [1925] from personal observations and 
from a thorough search of the literature, 62 to the nearest whole number. 

Although the means of the corresponding sub-groups are not amal¬ 
gamated, owing to variation of conditions, the extreme sub-group 
differences (given under column 3 minus colunm 5) are averaged, since 
any variation in conditions of a whole group affected equally both these 
sub-groups. 


CDonditions 
under which 
pulse rates 
were taken 

Basal 
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It will be seen that the average difference under daytime conditions 
(10'9) is greater than the corresponding difference under basal conditions 
(8'8). This might, however, be expected, as the daytime pulse rate is 
itself distinctly higher than the basal pulse rate. When the extreme 
sub-group difference is expressed as a percentage of the mean for the 
corresponding whole group, this discrepancy largely disappears. Thus 
the extreme sub-group difference of 8*8 under basal conditions equals 
14 p.c. of the corresponding mean for the whole series, while in the day¬ 
time series the mean figure 10*9 equals 15 p.c. of the corresponding 
general mean. 

It was found possible to obtain but one series of observations in the 
case of women. In this group the resting sitting pulse rates were deter¬ 
mined after a short period of rest (some 15-20 min.), in most instances 
after walking a few hundred yards. The subjects were practically all 
between 17 and 19 years of age. The results are given in Table IV. 

Table IV. Effect of athletic history on the daytime sitting pulse rate 

in the case of women. ' 

Less Average Greater Column 2 

athletic athletic athletic minus Mean No. of 

history history history column 3 pulse rate subjects 

90-1 84-2 82*2 7-9 84-5 80 

The mean pulse rate shows the same relation to increased athletic 
exercise as in the case of the men, namely, a distinctly slower rate in 
the more athletic group. 

The mean value, moreover, is approximately the same as the figure 
quoted in the literature for women sitting at rest, viz. 84. 

For the purpose of ready comparison the various sets of data for 
basal pulse rates in the present section are collected together in Table V. 


Table V. Mean basal pulse rates of men, grouped in ascending order of 
extent of athletic training. 

Mean basal 

Class of men Authority quoted pulse rate 


Less athletic history 
Average athletic history 
Greater athletic history 
Superior University blues 

Olympic athletes 

Group of swimmers averaging ten 
yearn’ athletic training (mostly 
superior Olympic athletes) 


This paper 

06 

This paper 

63 

This paper and Michell 

57 

This paper and M i c h e 11’s 
rowing eight 

53 

Hoogowerf 

50 

This paper 

47 


Making due allowance for the fact that some of the groups are few 
in number, it is striking how the basal pulse rate invariably decreases 
in the table with increasing intensity and duration of athletic training. 

a 
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Summary. 

1. A brief review is given, drawing attention to the prevailing agree¬ 
ment that slow pulse rates are characteristic of highly trained athletes, 
and to the need for an attempt to develop the quantitative aspect of 
the subject. 

2. Details of basal pulse rates, together with a quantitative estimate 
of athletic status, are given for a group of eight highly trained swimmers 
(each at least a state champion). The mean basal pulse rate was 47, 
which is the lowest group value yet recorded. 

3. An attempt to trace the relation between the slowing of the pulse 
rate with extent of athletic history in the case of 121 men as gauged by 
a questionnaire failed to yield convincing results. 

4. A similar attempt showed marked differences between sub-groups 
of 237 men, when the basis of grading was made upon the subject’s 
estimate of his quantitative athletic history, in comparison with his 
fellows. 

5. Confirmatory results were obtained in the case of the resting 
daytime pulse rates of 80 women, who were asked to grade themselves 
in the same way. 

In conclusion I wish to express my thanks to Prof. H. W. Davies, 
from whose laboratory this communication is published, for his en¬ 
couragement and criticism, and to all those who acted as subjects for 
observation. 
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“POSTURAL REVERSAL** IN PERIPHERAL 
PREPARATIONS. 

By grace BRISCOE. 

{From the Physiological Laboratory^ Loridon {R,F,H,) 

School of Medicine for Women,) 

‘‘PosTUKAL reversal” has been defined as ‘‘the determination of the 
type of response to a given stimulus by the limb posture existing when 
the stimulus is applied” [Forbes, 1922]. Magnus [1910] showed that 
a cat’s tail can be drawn reflexly from either side towards the median 
plane when stimulated at the tip, the direction of the movement being 
determined by the initial passive posture of the tail. The reaction might, 
with equal aptness, be termed “movement reversal.” Magnus showed 
that the shunting effect could be traced to the influence of the deep 
afferents, and was therefore tonic. Sherrington [1900] found in reflex 
preparations that certain stimuli would cause flexion if the limb were 
already passively extended and extension if it were flexed. 

The object of the present paper is to show that “postural reversal” 
can be demonstrated in peripheral preparations with direct stimulation 
of motor nerves, and to suggest that as well as a central factor in the 
grading and co-ordination of muscular movements there is a peripheral 
factor, namely, the changes in receptivity caused in the muscles by varying 
degrees of stretch. 

This investigation began some years ago in an experimental study of 
the muscular movements of the diaphragm [Briscoe, 1920]. Tracings 
were taken simultaneously from the crus and the dome, and the stretch 
of the two parts relatively to each other was altered by flexing or ex¬ 
tending the spine. Extending the spine stretches the crus, flexing stretches 
the dome. Both in movements due to natural respiratory impulses, and 
in those due to electrical stimuli, it was noticed that the contraction started 
earlier in the crus when the spine was extended and earlier in the dome 
when the spine was flexed. The extent of contraction was also shown to be 
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related to the degree of stretch, both with natural and artificial stimuli. 
In a pithed animal, the phrenic was stimulated by single break-shocks of 
varying (but near threshold) strength. In these experiments the ‘‘thres¬ 
hold” stimulus was taken to be that strength of stimulus which just 
produced a recordable movement in the muscle. It was found that, with 
a just minimal stimulus, the crus did not shorten if the back was flexed, 
and the dome did not shorten if the back was extended. In other words, 
the visible response to a threshold stimulus per the phrenic nerve was 
found to be dependent on the posture of the body causing different 
degrees of stretch in the two parts of the diaphragm. This change of 
threshold for movement was later demonstrated in the gastrocnemius of 
cats and rabbits, the muscle being left in its natural relationships and 
stretched or slackened by fixing the foot in different positions [Briscoe, 
1924]. Break-shocks near threshold value were used, and it was found 
that the reaction was obtained with much greater regularity when the 
nerve was not cut off from the central nervous system. The suggestion 
was made, therefore, that the threshold reaction to stretch was dependent 
upon the integrity of the reflex arc. Ordinary single shocks of threshold 
value do not produce regular minimal contractions in a peripheral prep¬ 
aration, but in the present paper it is shown that the visible threshold 
reaction to stretch can be demonstrated with great regularity, even when 
the nerve has been severed, if the stimuli employed resemble natural 
impulses more closely than the single break-shock. 


Methods. 

The experiments have been performed on cats, under ether and 
chloralose or dial anaesthesia. The double nerve muscle preparation used 
has been usually the tibialis-gastrocnemius pair, the muscles being left 
undisturbed and their contractions recorded by the movements of the 
foot. Sometimes the gastrocnemius-soleus combination has been pitted 
against tibialis and extensor longus digitorum. When necessary the 
movements of the individual tendons have also been recorded. 

The method of stimulation employed has been that described in a 
previous article [Briscoe and Leyshon, 1929], namely, the regular 
intermittent discharges of a neon lamp. The discharges are led through 
the primary coil of an induction apparatus. Each nerve with its stimu¬ 
lating pair of electrodes is connected to one of two secondary coils, which 
are then placed on either side of the primary coil. The presence of a second 
coil makes no difference to the stimuli provided by the first coil. By use 
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of a key in the primary circuit, simultaneous excitation in the secondary 
circuits can be ensured* 


Results. 

If muscles are kept in their natural relationships they can be stretched 
or slackened by moving the bony points to which they are attached. Thus 
the flexor and extensor groups working the ankle joint can be stretched 
and slackened alternately by performing passive movements on the foot, 
the leg and thigh being fixed by drills. These passive changes in length 
are of considerable importance. The preparation is so arranged that the 
thigh is vertical and the leg is horizontal. No particular posture is im¬ 
posed on the foot, which is free to be moved either by passive traction, 
or by the contractions of the muscles working over the ankle joint. The 
foot usually takes up a neutral position, neither flexed nor extended, at 
an angle of about 50 degrees or 60 degrees to the horizontal, and if 
alternate passive movements of flexion and extension are carried out, the 
foot will return to approximately the same neutral position. If, however, 
the foot is carried passively into a position of extreme flexion and held 
there for a few seconds, on release the limb will not return to the neutral 
position, but will remain in a position of semi-flexion. If this procedure 
is repeated in the opposite direction the foot, on release, will take up a 
position of semi-extension. 

The same effect can be obtained by making brief repeated passive 
movements in the desired direction, the return of the limb on release not 
being controlled in any way. It is found that the postures of semi-flexion 
and semi-extension thus imposed and passively maintained may vary by 
as much as 30 degrees, though 20 degrees and 15 degrees is the more 
usual range. In old cats the range may not be more than 10 degrees. The 
actual angles read depend a good deal on the way the preparation is set 
up; what is important is the range of passive posture which can be 
imposed and maintained without further effort, either external or in¬ 
trinsic. That these changes in passive length are not in any way dependent 
on the central nervous system is readily demonstrated. Before the nerves 
are touched the leg and foot are fixed in position by drills and passive move¬ 
ments are performed or postures externally imposed, first in one direction 
and then in another. The sciatic nerve is then cut and the procedure 
repeated. Severance from the spinal centres makes no appreciable 
difference to the range of passive posture. 

The reaction is shown in the following way. The leg is denervated by 
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cutting the sciatic and femoral trunks. The motor branches supplying the 
antagonist muscles used are dissected out, and each connected with one 
or other secondary coil. The foot is in the neutral position, i.e. neither 
flexed nor extended. If other postures have already been imposed the 
neutral position can be reassumed by making quick alternate passive 



Fig. 1. The left-hand figures show the foot in the positions of passive extension (p.e.) 32°, 
and of passive flexion (p.p.) 46°. The right-hand figures show position of foot after the 
reversed movements have taken place, identical stimuli producing opjK^site results. 
Camera conditions remain constant. 

movements of flexion and extension. The secondary coil used for ex¬ 
citation of one motor nerve, e,g, flexor, is placed at such a distance from 
the primary that a very small movement of flexion is perceptible when 
the circuit is closed for a brief time. This procedure is repeated on the 
opposing muscle using the other secondary coil. A passive posture of 
semi-flexion is now imposed on the foot. When both nerves are simul¬ 
taneously excited, a movement of extension towards the neutral position 







66 


0. BRISCOE. 


results. The foot is now placed in a position of passive extension. On 
stimulation as before, a movement of flexion takes place towards the 
neutral position. This is the reaction of ‘^postural reversal,’^ i.e. in each 
case the same stimuli are applied to the respective nerves, but the direc¬ 
tion of movement is determined by the posture existing at the moment 



Fig, 2. Kecord of movement of foot. Upwards extension, downwards flexion. After 
alternate passive movements (p.m.) foot returns to the neutral position N. Stimuli to 
flexor and extensor (signals at top) tested separately, both give small contractions in the 
neutral position. Primary circuit now broken and both secondary circuits closed. After 
holding foot in position of full extension for a few seconds, on release it remains 
passively in a position of partial extension (p.b.) 50®. At the arrow both nerves 
stimulated simultaneously by closing the primary circuit; a movement towards flexion 
takes place. From partial flexion (p.f.) 80°, with the same stimuli, a movement 
towards extension occurs. Time in seconds. 

of application (Fig. 1). If the foot is now placed in the neutral position 
and the same stimuli applied, usually no movement takes place, though 
a slight movement may occur if the muscles are not perfectly balanced. 
Once the right conditions have been secured, this reaction can be re¬ 
peated over and over again. It is more easily obtained in preparations 
in which there is a large range of passive posture (Fig. 2), but it 
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has been demonstrated where the range of passive posture was only 
10 degrees^. 

If, instead of foot movement, minimal movements of the individual 
tendons are recorded, the same reversal of response is seen with change 
of passive posture (see Fig. 3). 

This change in response resulting from stretch can be demonstrated 
in other ways than by change of passive posture. It can be shown when 
stretch is produced by active postural contraction of the opposing 



Fig. 3. Recorded from tendons. Tibialis (t.a.), median head of gastrocnemius O, In both 
oases contraction upwards. Buzzer indicates when primary circuit closed. Both 
secondary circuits closed. Near threshold stimuli to both nerves. When the foot is in 
passive extension (p.b.), tibialis only shortens and gastrocnemius is lengthened by 
its pull. In passive flexion (f.f.), gastrocnemius shortens and tibialis is lengthened. 

muscle. This is best seen when the muscle to be stretched (gastrocnemius) 
is stimulated by currents which vary rhythmically in strength so that 
regular phasic contractions result, and the stretching muscle is stimulated 
by currents of constant strength causing a steady contraction. The 
strength of the phasic stimuli entering the extensor nerve is reduced until 
they are just below threshold for movement in the unstretched muscle, 
and there is no visible contraction. The constant stimuli entering the 
flexor nerve are of such a strength that the foot is drawn into a position 

^ In one pair of muscles the gastrocnemius lengthened from 121 mm. to 125 mm. in 
pAJMij l ng from a passive posture of 45 degrees to 60 degrees. The tibialis lengthened from 
05 mm. to 98 mm. with the same range of passive posture. 
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of active flexion. This stretches the gastrocnemius, the threshold for 
movement is altered and the subliminal stimuli to that muscle now become 
supraliminal, and regular phasic extensions of the foot take place from 
a posture of flexion. If flexor ceases to contract and to stretch extensor, 
the phasic stimuli become subliminal again (Fig. 4). 
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Fig. 4. Movement of foot. Flexion downwards. Primary coil stationary. Flexor secondary 
coil stationary—submaximal stimuli of constant strength enter flexor nerve. Extensor 
coil approaches and recedes from primary—phasic stimuli enter extensor nerve. 
Movement of coil recorded in second line from bottom. Stimuli to extensor are first 
shown to be subliminal f ; when the muscle is stretched by the postural contraction 
of flexor they become supraliminal. The short lapse in extensor excitation shows the 
effect of flexor alone. When the action of flexor is removed the stimuli to extensor again 
become ineffective, as soon as the muscle has shortened sufficiently. Time in seconds. 


The change of response is best seen in flexor when that muscle is 
subjected to phasic stretch. This is secured by supplying the stretching 
muscle (extensor) with currents which vary rhyiihmically in strength. 

The possibility that these changes in response might be due to slight 
movements of the nerve on the electrodes must be considered. Control 
experiments were done in which the nerve was deliberately slipped over 
the electrodes, but care was taken to see that there was no tension or pull 
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on the nerve terminals. This procedure, which necessarily brings fresh 
pieces of nerve in contact with the electrodes, does not produce the 
characteristic reaction. The reaction has been obtained both with the 
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Fig. 5. Diaphragm of cat. Stimulation of cut phrenic with phasically modulated stimuli, 
strength reduced in small strops. Figures give distance of secondary from priraarj’^ coil, 
coreless inductorium. In left-hand tracing spine is flexed. A near threshold stimulus 
(7*6) is effective in the dome and not in the crus. In right-hand tracing spine is 
extended. A threshold stimulus is effective in the crus and not in the dome. The 
sudden downward movement at 7*4 is due to a gasp of the chest muscles. 


nerve lying on the electrodes without any tension and, on the other hand, 
with the nerve, attached by a thread to the electrode holder, under 
continuous tension. As a further control the phrenic diaphragm experi¬ 
ments have been repeated, using, instead of break induction shocks, the 
phasically modulated stimuli which have been shown to be capable of 
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reproducing accurately the deliberate movements of the diaphragm in 
ordinary respiration [Briscoe, 1928]. Since the nerve fibres to the crus 
and dome run in the same trunk, only one set of electrodes is necessary 
and the excitation conditions are identical, whatever the relative posi¬ 
tions of the two parts of the muscle. 

Pig. 5 illustrates this point. Records from crus and dome were ob¬ 
tained by means of a pneumothorax, and the muscle was paralysed by 



Fig, 6. Movement of foot. Ordinates, recorded on stationary drum, show arc of lever and 
the limits to which foot can be carried by gentle traction. Between the angles of 
75® (P.r.) and 60° (p.b.) the foot remains in any position it is placed. Arrows mark the 
tying of ligatures on the sciatic trunk; resultant movement is dependent on initial 
passive posture. In neutral position, 67°, stimulus of ligature produces small double 
movement, in which flexion always precedes extension. Time in seconds. 


section of the phrenic nerve. Phasic stimuli of sufficient strength were 
used to produce movements of moderate size in both parts when the 
animal was lying flat. When the strength of the stimuli was reduced 
progressively, different results were seen according to the posture of the 
spine. When the back was extended, the crus was stretched, and minimal 
stimuli were effective in producing small movements, but were ineffective 
in the relaxed dome. When the trunk was flexed minimal stimuli were 
effective for the stretched dome, but were subliminal for the relaxed crus. 

Finally, the reaction of reversal of movement can be demonstrated 
without the intervention of any apparatus for stimulation or record. The 
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only dissection necessary is exposure of the sciatic in the thigh. The foot 
being placed in different passive postures, ligatures tied around the 
sciatic trunk below the hamstring branches will produce results dependent 
on the initial posture. Sharply defined movements of flexion or extension 
will be seen if the ligatures are made with a single quick tie. As many as 
twenty ligatures have been applied in succession to the sciatic trunk, and 
in each case the direction of movement in response to the stimulus was 
determined by the initial passive posture of the foot. The effect of six of 
these ligatures is shown in Fig. 6, recorded on slow and fast rates of drum. 
In these experiments the stimulus is applied indiscriminately to all the 
fibres of the sciatic, yet clean movements of reversal can be obtained. 

These control experiments all suggest that the reversal of movement 
is due to relative changes in the receptive conditions of the muscles con¬ 
cerned, and not to changes in the excitation conditions at the electrodes. 


Discussion. 

It is well recognized that in reflex preparations there is considerable 
variation in the threshold value of stimuli, so much so that this charac¬ 
teristic has been regarded as one of the salient points of difference between 
conduction in reflex arcs and conduction in peripheral nerve trunks. One 
of the factors producing this variability of response is the condition of 
passive stretch in which the reflexly contracting muscle finds itself on 
reception of the stimulus, Liddell and Sherrington [1924] state that 
“initial passive stretch often renders a seemingly subliminal stimulus 
submaximal, thus in appearance lowering the threshold of the reflex. 
A single shock that produced no visible contraction in the slightly stretched 
muscle will on stretching the muscle a little further evoke an obvious 
reflex contraction.’’ 

The experiments described in the present investigation indicate that 
a similar apparent lowering of threshold in response to stretch takes place 
even in nerve-muscle preparations. Subliminal stimuli applied to a peri¬ 
pheral nerve trunk become effective in causing visible contraction of the 
muscle it supplies when the stretch of that muscle is slightly increased. 
When antagonistic muscles are tested by simultaneous excitation of their 
nerves, the different and reciprocal degrees of stretch which ensue imder 
varying passive postures are sufficient to bring about reversal of movement 
in the limb. 

The regular response of an extensor muscle to a constant reflex 
stimulus is intensified if a flexion reflex is elicited in one of the intervals 
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between the stimuli [Sherrington, 1906]. Such a result can be imitated 
in part in a nerve-muscle preparation by causing an active or passive 
flexion between two extensor movements. The increase in movement 
which can be obtained in this way is illustrated in Fig. 7. The effect, 
however, is not so lasting as in a reflex preparation, as there is no after¬ 
discharge, and the augmentation ceases as soon as the muscle has returned 
to its shortened condition. 
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Fig. 7. Single phasic contractions of gastrocnemius, i-ecorded by foot movement. Lower 
line shows movement of secondary coil, as it approaches and recedes from the primary 
coil. After a passive movement of flexion, the muscle has increased initial stretch 
(r.F.), and starts contraction when the secondary coil reaches the point A. After a 
passive movement of extension, the initial stretch is diminished (p.e.) and contraction 
starts when the coil reaches the point C\ i.e, when the stimuli are stronger. The two 
relaxation curves show practically the same time relations. 

The original observation that the moment of entry of crus and dome 
respectively in natural respiration is regulated by the posture of the spine 
can be repeated in the muscles of the leg. With a given modulated stimulus 
a movement starts earlier when the muscle is under greater stretch than 
when it is under less stretch (see Fig. 7). 

It may be asked if this reaction to stretch is a factor in the smooth 
co-ordination of opposing muscles. An analysis of co-ordinated move- 
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ments experimentally obtained [1929] suggests that such may be the case. 
Records of movements of the limb caused by each muscle acting alone 
are necessary, as well as records of the movements under reciprocal 
contraction. 

It can be shown that two single movements which appear xmlikely to 
produce a smooth double movement, yet often succeed in doing so, as the 
moment of entry of one muscle is regulated by the stretch produced in it 
by its opponent (Fig. 8). This reaction helps to explain the somewhat 



Fig. 8. Movement of foot, extension up, flexion down. Dotted lines show single separate 
movements of flexor P and extensor E; tracings superimposed on record of double 
movement (w'hole line) when the two muscles work together reciprocally. Time lines 
(broken) show arc of lever and earlier entry of muscles when stretched by their 
opiKinents. A. Start of extensor in reciprocal action. B. Start of extensor in single 
action. C. Start of flexor in reciprocal action, D. Start of flexor in single action. 
Right-hand figure shows the double movement wdiich might have been expected from 
the single movements. 


surprising ease with which smoothly co-ordinated movements are ob¬ 
tained experimentally. 

The reversal of movement as seen in peripheral preparations may be 
due either to a balancing of smaller contractions against larger contrac¬ 
tions, the extent of contraction in each case being governed by the amount 
of individual stretch, or it may be due to changes in the excitability of 
different muscle fibres, so that more fibres come into action with a given 
stimulus when stretch is increased. 

It does not seem possible on the present data to decide between these 
two possibilities, although the observation that with a modulated stimulus 
a movement starts earlier in a muscle under increased stretch favours the 
latter alternative. 
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As a result of these experiments it is suggested that when a reaction 
of “postural” or “movement reversal” is seen in ref lex preparations the 
mechanism is really twofold; though the central factor is responsible for 
the arrival of an increased number of impulses of proprioceptive origin 
(as the result of the stretch), yet the peripheral factor also does its part 
by increasing the receptivity of the muscle stretched. 

SUMMABY. 

Within certain limits variations in the length of muscles in their 
natural relationships can be maintained passively. 

These passive postures are useful in permitting study of the recep¬ 
tivity of muscles under different degrees of natural stretch. “Postural” 
or “movement reversal” can be shown in the absence of the reflex arc 
by maldng use of peripheral factors only. 

It is suggested that the reversal of movement is caused by changes in 
the receptivity of the opposing muscles, the constant stimuli applied to 
the respective nerves being just subliminal for visible response when the 
muscles are under slight stretch and just supraliminal when they are 
xmder increased stretch. 

It seems likely that this change of receptivity is a factor in the smooth 
co-ordination of antagonistic muscles and in the changes of reflex response 
to different degrees of stretch. In the intact organism this peripheral 
adjustment in the executant part of the reflex arc probably supplements 
the reinforcement provided by reflex stimuli as the result of stretch. 
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RESEARCHES ON THE CONTRACTURE OF 
SKELETAL MUSCLE. 

By FRfiDfiRIC BREMER. 

{From the Laboratory of General Pathology, University of Brussels.) 

I. Introduction. 

The literature of contracture of skeletal muscle is extensive. Gasser 
[1930] has recently devoted to it a critical review. Points of importance 
which emerge are that (1) contractures seemingly quite diverse have yet 
features in common; (2) many reversible contractures in their essential 
chemistry resemble normal contraction. All alike show formation of 
lactic acid [see Gasser, 1930], splitting of phosphagen and production 
of ammonia. lodoacetic acid prevents formation of lactic acid in con¬ 
tracture just as in contraction [Bethe, Norpoth and Huf, 1931]. The 
chemistry of contracture seems thus not to differ qualitatively from 
that of contraction. 

Further, the researches of Hartree and Hill [1922] on veratrine 
contracture have shown quantitative similarity between the energetics 
of contracture and contraction. “ The efficiency—measured by the ratio 
HjTl —with which prolonged contraction is maintained is almost exactly 
the same in veratrine contraction and in normal tetanus.” The same 
conclusion is reached by the myothermic researches of Hartree and 
Hill [1924, 1928], and of Furusawa and Hartree [1926] on caffein 
contracture and the contracture provoked by direct stimuli of greatly 
supramaximal intensity; also for this latter contracture by the analyses 
of Meyerhof and Lohmann [1925]. We seem to have before us here 
a broadly applicable fact. 

Its theoretical importance is great. It shows that the reversible 
contracture of skeletal muscle is neither extreme slowing of the process 
of relaxation nor the operation of a special contractile apparatus, myo¬ 
fibrillar, or~on Bottazzi’s [1897, 1926] hypothesis—sarcoplasmic. 

Since reversible contractures neither in chemical process nor in mode 
of energy turn-over depart essentially from ordinary tetanus the differ¬ 
ences between the two must precede the final mechanical and thermal 
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steps. One is led thus to approach contracture by the path of muscular 
excitability, especially the reversible contractures which are reactions of 
the muscle fibre to a stimulus, electrical or chemical. 

Reversible contracture of skeletal muscle might be the result of a 
muscular excitation whose characteristic was slowness of development 
and subsidence, with absence of wave propagation. This hypothesis is 
borne out by the facts obtaining for direct and indirect electrical excitation 
of contracture, as also by the electromyogram of the “neuro-muscular” 
contracture of the anural Amphibia. 

II. Material and general method. 

The experiments have been mostly on various Anura and the cat. 
In the former the tendency of any given muscle, especially gastrocnemius, 
to respond to excitation by contracture is variable. Two factors of 
influence are species and nutrition. 22. temporaria especially tends to 
contracture, a tendency favoured by vigorous condition of the muscle 
and by resistance to fatigue, therefore probably by richness in reserve 
nutriment. The tendency decreases under captivity. 

My experiments have been on the muscles in situ with circulation 
intact (decerebrate). The contractions have been recorded, either iso- 
tonically on the kymograph with light levers (5-10 g.), or isometrically 
and optically with the torsion-wire type of myograph of Sherrington 
of rapid natural frequency, and photographed along with the electro¬ 
myogram given by the string galvanometer (Cambridge new model). 

III. Galvanic contracture. 

If the reversible contractures of skeletal muscle connote an excitability 
of extreme slowness, that slowness should reveal itself (1) by high 
chronaxie, (2) by possibility to evoke contracture by “addition latente,” 
e,g, summation of direct electrical stimuli too brief to be singly adequate, 
(3) also by summation of successive motor nerve impulses. 

It is well known that closing or opening a galvanic circuit in series 
with frog muscle can excite a response which, owing to greater or less 
contracture, exceeds in duration the twitches excited by stimuli, indirect 
or direct, which are quite brief. Biedermann [1895] studied this 
galvanic contracture particularly in relation to the direction of the 
stimulating current. 1 have tested the influence of the duration of the 
electrical stimulus upon the contracture. I have excited the gastroc¬ 
nemius of 22. temporaria lengthwise by two AgCl electrodes, at tendon 
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aad proximal pole of the muscle respectively, the contractions being 
registered isotonically. Under these conditions muscles tending even 
strongly to galvanic contracture respond by twitches free from all 
contracture to brief single stimuli—break shocks or feeble condenser 
discharges—adjusted to give contractions of comparable “height.’’ In 
general the contracturing action of the galvanic current is more marked, 
or present only, for the “ascending” current. Fig. 1A shows the con¬ 
tracture from an ascending current (cathode proximal), while a descending 
current of the same strength (Fig. 1 B) excites only a twitch without 
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Fig. 1. Galvanic contracture of the gastrocnemius of R. icmporaria “longitudinally’* 
excited. Isotonic lever with a load of 5g. Make and break of current marked by 
arrows pointing upwards or downwards respectively. Reduced by A. Ascending 
current (a) of 1-5 volts. B. Descending current (d) of 1-5 volts. C. Descending current 
of 2*5 volts. D. An experiment (performed on another preparation) showing the 
contracture producing action of the cathode and the inhibitory action of the anode. 
Explanation in the text. 


contracture at closure, at opening a smaller twitch but clearly prolonged 
by contracture. When the current is ascending the greater part of the 
muscle is submitted to the contracturing action of the virtual cathode, 
near the proximal pole of the muscle; with the opposite direction of 
current (cathode at tendon) the main bulk of the muscle is under the 
inhibiting (relaxing) influence of the anode. In Fig. 1 C, with a strong 
descending current, the twitch at opening has quite the appearance of 
“post-inhibitory rebound.” This relaxatory inhibition appears more 
clearly still in Fig. 1D. First an ascending current is sent into the 
muscle and provokes a twitch followed by strong contracture which 
persists after cessation of the current. Some seconds later a descending 
current is sent into the muscle: its commencement causes a weak twitch 
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closely followed by relaxation of the contracture. This last recurs directly * 
the inhibitory current stops. The figure shows a further example. This 
inhibitory effect of the anode on galvanic contracture proves the active 
character of this contracture. A similar anodal inhibition was shown 
by Biedermann for veratrine contracture. 

In experiments on gastrocnemius of R, temporaria in the cold 
(11-14° C.) I have found it possible to separate to some extent contracture 
from contraction, and to measure the chronaxie of the former. Exciting 



Fig. 2, Galvanic contracture of the gastrocnemius of jB. temporaria. Isotonic lover. 
Load 5g. Temp. 11*5°. Time in seconds. Reduced by A. Determination of the 
threshold (rheobase) of contracture. B. Determination of the chronaxie of contracture. 
For explanation see text. Notice the diminished height of the twitches associated with 
contracture. This phenomenon, which is constant, is apparently explained by a very 
early increase in the viscosity of the muscle, which decreases its speed of shortening 
and diminishes the inertia of the lever. 

the muscle with currents of increasing voltage, contracture can appear 
regularly before any trace of the ordinary contraction (Fig. 2 A). This 
latter does not occur until considerably higher current intensities are 
reached. Hence one can measure the threshold for contracture and 
determine approximately its chronaxie by the well-known rapid method 
of Lapicque, namely, to double the rheobasic voltage and to find the 
shortest duration which the stimulus of doubled intensity must have in 
order to excite. Fig. 2 B gives a determination, at 11*5° C. The chronaxie 
of the contracture is 70-75 cr; that of the twitch contraction about 0*7 a. 
The chronaxie of the contracture is about a hundredfold that of the 
ordinary contraction. 
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The galvanic contracture of mammalian skeletal muscle in the course 
of Wallerian degeneration of the motor nerve is absolutely similar to 
that of normal amphibian muscle (Fig. 3B). The influence of duration of 
the stimulus is just as clear. It is seen in the different form of the twitch 
tension curves evoked respectively by the break and make shock of 
the inductorium. The make shock, which is slower than the break shock, 
evokes a twitch of sounder summit (Fig. 3C). The twitches of the normal 
muscle reveal no trace of such a difference. 



Fig. 3. Galvanic contracture of degenerated mammalian muscle (tibialis anticuvS of the 
cat, denervated 20 days previously). Longitudinal excitation. Sherrington iso¬ 
metric lever. Optical registration. Time in of a sec. Reduced by J. A. Galvanic 
excitation (ascending current of 2 volts) of the normal tibialis anticus. B. Similar 
excitation of degenerated tibialis anticus. C. Make-shock twitch, degenerated muscle 
(coil at 8 cm.). D. Break-shock twitch, degenerated muscle (coil at 8 cm.). £. Break- 
shock twitch, normal muscle (coil at 10 cm.). F. Break-shock twitch, degenerated 
muscle (coil at 10 cm.). Twitches in response to make shocks of the same height were 
identical in all respects. 

This galvanic contracture of degenerating muscle is evidently the 
main cause of the seeming “ slowness ” of the galvanic twitch of the muscle 
under direct inspection, a ‘‘slowness” of diagnostic value to the clinician. 
Apart from this slow relaxation traceable to contracture, there exists 
certainly a slowness of the true twitch; this latter slowness attaches 
notably to the ascending phase of the isometric myograms given by 
degenerate muscles (cf. Fig. 3 A and E with B and F). This slowing of 
the twitch contraction of degenerate muscle is presumably related to the 
increase of chronaxie. 
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Discussion. 

These experiments, confirming and extending older ones, show galvanic 
contracture as an outcome in the muscular fibre of a certain state of 
excitation capable of being inhibited by the anode. They define further 
the duration required for the stimulating electric current to give con¬ 
tracture. It is as though contracture attached to an excitable substance 
with a chronaxie much higher (x 100) than that of the excitable sub¬ 
stance attaching to the ordinary “twitch’’; in saying which I do not 
intend to imply the existence of two morphological entities coexistent 
in the muscle fibre to provide for two excitabilities. This approximate 
ratio 1:100 of the chronaxies of contraction and galvanic contracture in 
normal temporaria is just that found by Bourguignon [1923, 1931] for 
the two chronaxies of “myotonic” muscles of man, and by Kodera 
and Briicke [1928] for the chronaxies of contraction and contracture 
of initial stage of veratrinization in frog’s muscle. 


IV. Contracture excited by direct electrical stimuli 
GIVING “addition LATENTE.” 

An electrical stimulus of given intensity though failing singly, because 
of its brevity, to excite contraction of a slow muscle (or, generally, the 
reaction, of a protoplasm of high chronaxie), can yet by repetition, of 
above a certain frequency or length of series, be effective, in virtue of 
“addition latente.” This summation has been the subject of researches 
by Keith Lucas [1907] and of Lapicque [1926, 1926]. If galvanic 
contracture has for its immediate antecedent a slow excitation with a 
very high chronaxie, one should find “addition latente,” and evoke con¬ 
tracture by summation of brief stimuli, for example by induction shocks 
applied directly to curarized muscle. Previous curarization is required 
of course to preclude participation by nerve. 

This expectation is confirmed. Gastrocnemius {temporaria) was em¬ 
ployed with its marked tendency to contracture enhanced by previous 
short tetanization. Complete curarization an hour beforehand, 0-001 mg. 
per g. frog. 

Electrodes at the muscle poles, cathode proximal. Break shocks from two (or three) 
coils, of like construction, coreless and placed so as to avoid mutual induction. The openings 
of the primary circuit were adjustable to O'la approximately by a Lapicque rheotome 
modified by replacing the closure cam by an opening cam, and adding a third opening 
cam. The graduation was verified by means of the string galvanometer. The stimt;^ were 
slightly supramaximal for the muscle. 
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Under these conditions a ourarized gastrocnemius, exhibiting strong 
tendency to contracture with two or three break shocks given directly at 
variable intervals, never responds to one of the shocks given singly 
by other than a twitch entirely like the maximal twitch to an indirect 
stimulus (Fig. 4 C). So also with two similar shocks separated by an 



Fig. 4. Isotonic twitches of the gastrocnemius of R. temporariaf provoked every 2 min. 
Temp. 19® C. Time in seconds. Reduced hy A. Twitches showing a strong neuro¬ 
muscular contracture provoked by the summation of two volleys of motor impulses at 
the optimum interval of 4 a. 0 06 mg. of curare was injected intravenously after the 
third twitch. B. Same muscle completely curarized. Contracture provoked by 
summation of two direct stimuli (break shocks of maximal intensity), C. Series of 
twitches of the same muscle showing the relation of the height of contracture with 
the interval between direct stimuli. D. Resistance of this same contracture to atro- 
pinization. An intravenous injection of 6 mg. of atropine sulphate between C and B. 

On this figure and on the subsequent figures, single stimuli are designated by a point, and 
double stimuli by their interval in sigmala, under each contraction. 


interval less than the absolute refractory period of the muscle measured 
by the least interval for tetanic summation. But, once beyond a nunimal 
interval corresponding approximately with the least interval for tetanic 
summation {2 a), the isotonic twitch, now heightened because a tetanic 
fusion of two, is immediately followed by a secondary slow contraction 
(Fig. 4 B and C). The height of this secondary contraction increases at 
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first with increase of the interval between two stimuli up to an optimum 
interval of about 4^ (at 18® C.), then diminishes, first rapidly, then more 
and more slowly. With a greater interval than 10a all trace of the phe¬ 
nomenon usually disappears (Fig. 4 C). The height of the secondary 
contraction can exceed that of the twitch to which it is appended. Its 
duration, apart from the contraction residue which prolongs it, is usually 
about 10 sec., but may be longer (Fig. 4 B, C, D). This secondary con¬ 
traction excited by direct stimuli of appropriate interval completely 
resembles myographically the secondary contraction excited by indirect 
stimuli (v. infra) which is certainly a contracture. 

When two successive stimuli fail to cause the contracture, for instance 
because too far apart, the addition of a third stimulus following the second 
at a similar, or even greater, interval, can evoke the contracture. If three 
do not suffice a greater number may. As is usual with addition latente ” 
an insufficient frequency of the stimuli can be met by increase in serial 
number. 

Discussion. 

It was not foreseen that two successive direct stimuli should, in order 
to be effective, require to be separated by an interval not less than the 
absolute refractory period of the muscle fibres as measured by the usual 
method for tetanic summation. It is as though the contracture and the 
contraction, though very different in their speed of excitation, were yet 
linked by a refractory period common to both. During the absolute 
refractory period the muscle, although it retains the effect of the first 
stimulus in the form of ‘‘excitation latente,’’ appears insensitive to the 
second stimulus. The functioning of the muscle fibre is thus singularly 
complex. 

The ineffectiveness of the single break shock for producing con¬ 
tracture in the above experiments seems to contradict the well-known 
fact that it is possible to evoke contracture of the veratrine type by single 
induction shocks of high intensity, or by brief rectangular currents of 
high voltage [Lapicque and Weill, 1912]. The contradiction is merely 
in appearance. The contracturing power of these brief currents is due to 
their intensity being such as to do damage [Sur any i, 1926]. In my experi¬ 
ments the short currents (induction shock, condenser discharge) were of 
physiological intensity and just supramaximal; they never gave con¬ 
tracture. I cannot then agree with Lapicque [1929, p. 105] who regards 
brevity of electrical stimulus as efficacious for causing contracture. 

The obBervations of M. Lapicque and J. Weill [1912] are capable of another inter¬ 
pretation. In their experiments stimuli of extreme brevity, rectangular currents of 0*1 a 
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for the rectus anterior of Raiia, gave contracture; the explanation lies in the considerable 
intensity required to be used in order to obtain twitches of appreciable height. The con¬ 
tracture was certainly a Tiegel contracture, as Gasser [1930] has suggested. The rect¬ 
angular currents of longer duration (1-2 a), but yet far below the chronaxie of contracture, 
did not give contracture because their intensity was no longer harmful, and their duration 
insufficient to reach (physiologically) the threshold of contracture. 

V. Neuro-muscular CQNTRAOTURE. 

Of all suggestions offered to account for neuro-muscular transmission 
the simplest is that which likens the motor impulse in its excitation of the 
muscle fibre to a brief electric current. Accepting this provisionally, and 
admitting that the motor nerve impulse acts with a brevity comparable 
to that of break shock in a coreless coil, such nervous impulses, taken 
singly, will be as devoid of contracturing effect as are such break shocks 
taken singly. But when suitably repeated they will prove effective, by 
“addition latente.” 

Tiegel [1876], and after him many observers, notably Langley 
[1905, 1909], were struck by the impossibility of evoking a contracture 
by the single indirect stimulus, even of supramaximal intensity. Berito f f 
[1923] claims to have sometimes excited a veratrine-like contracture by a 
single-shock indirect stimulus to gastrocnemius (escuU'tvta), the frogs 
having been at 22° C. for several days. I have never, myself, in hundreds 
of experiments, obtained a contracture in gastrocnemius from one single¬ 
shock indirect stimulus alone. 

Of course, ‘‘contraction remainder,” such as occurs after any shortening, active or 
passive, in muscles lightly weighted under fatigue, or even fresh as in the case of ileofibrilaris 
and coraco-brachialis of frog [Sommerkamp, 1927] is not counted as contracture. These 
residual shortenings, due to muscular viscosity, can, it is true, vary in the same sense as 
tendency to contracture; but they are not themselves true contracture, i.e. an active reaction. 
I have to insist on this distinction, since Wachholder [1931] has recently adduced as 
evidence of a contracture excited by a single indirect stimulus a myogram typically that 
of contraction remainder in coraco-brachialis. This pseudocontracture from single indirect 
excitation differs from the neuro-muscular contracture just described, not only myo- 
graphically, but has none of its typical features, notably not the characteristic fatigability. 

I find, however, perfectly possible the regular excitation of con¬ 
tracture in the frog by summation (“addition latente ”) of nerve impulses. 
The conditions are those given above in the previous section, with the 
one difference that the stimuli are applied to the sciatic nerve of the 
normal frog instead of to curarized muscle. The sciatic is cut at the level 
of the plexus and armed with Lapicque electrodes (Ag—AgClg) half up 
the thigh, cathode distal. 

The slow “secondary contraction” provoked by two successive in- 
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direct stimuli at appropriate intervals is just like that provoked by two 
direct stimuli. The height of the isotonic myogram is similarly a function 
of the interval between the stimuli (Figs. 5, 6, 7 and 11). The slow con¬ 
traction as a rule appears (Fig. 5 C) so soon as the interval exceeds the 



Fig, 6, Neuro-tnuscular contraction (isotonic) of the gastrocnemius of H, temporaria. 
Time in seconds. Reduced by J. A. Nerve and muscle at 18® C. B. Nerve at 18®, 
muscle cooled to about 10® C. C. Another preparation showing the coincidence at 
about one ten-thousandth of a second, of the minimum interval for summation of 
contracture with the minimum interval for tetanic summation. D. Another preparation 
showing the contracturant efficacity of three successive stimuli, when two are ineffective 
because of too great an interval (IOct). 


absolute refractory period of the motor nerve fibres (db l‘5a at 18® C.), 
Its height increases rapidly with increase of the interval up to 3-4 or, then 
gradually declines. Usually all trace is lost at intervals above 10or 
(Figs. 5 A and D, 7 and 11). The rise to the optimum (Fig. 6) recalls that 
of the curves of impulse summation (addition latente p6riph6rigue et 
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eetOrale), which I have described and analysed elsewhere [Bremer, 1927, 
1929a; Bremer and Hom^s, 1932]. 

The position of the optimal interval depends on the temperature of 
the muscle (and neuro-muscular junctions) and is independent of the 
temperature of the nerve at the seat of stimulation (Figs. 5 A and B, 
and 6). Conversely, the minimal interval for summation depends, ceteris 



Fig. 6. Summation curves for neuro-muscular contracture constructed from the series of 
twitches A and B of Fig. 5. Notice the displacement toward the right of the optimum 
interval for summation, resulting from cooling the muscle (curve with triangles). 

paribiis, on the temperature of the nerve. As usual with “addition 
latente’* it is possible to compensate excessive separation of the stimuli 
by adding to the serial repetitions (Fig. 5 D). 

Myographic characters of neuro-muscular contracture. 

The features of the slow “secondary contraction” prove it a con¬ 
tracture and not a contraction of special muscle fibres. Thus, it can be 
added to the residual contractions of fatigue or to acetylcholine contrac¬ 
ture. In some instances I have succeeded in exciting strong contracture in 
a perfectly fresh muscle. There (Fig. 7) the line of the myogram joined the 
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abscissa in some seconds without trace of permanent residual contraction. 
Conversely, when excited in a muscle which has previously for a short 
time been tetanized, it revives somewhat the residual contracture (of 
fatigue), and there occurs a progressive rise of the abscissa when a 
succession of twitches followed by secondary contraction are evoked 
(Fig. 11 A). It is the secondary contraction which revives the residual 



Fig. 7. Neuro-muscular contracture (isotonic) of a fresh gastrocnemius of R, temporana, 
without any preliminary tetanization. Temp. 17^^ C. Reduced by 
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Fig. 8. Acetylcholine contracture and neuro-muscular contracture. (Gastrocnemius of 
R. temporaria tn mtu, acetylcholine injected intravenously.) Neuro-muscular con¬ 
tracture accentuates acetylcholine contracture when the latter is in the ascending 
phase, while it accelerates the annulment of alcaloidal contracture in the regressive 
phase even more than do ordinary twitches. Reduced by J. 


contracture because simple twitches and tetani not followed by secondary 
contraction do not do so (Figs. 5 and 11). In the same way as intercurrent 
neuro-muscular contracture hastens the onset or increases the intensity 
of acetylcholine contracture (Fig. 8). 

The height and shape of the isotonic myogram of the secondary 
contraction vary from preparation to preparation, but for the same 
experiment are constant. The height of the secondary contraction in a 
muscle lightly weighted (5g.) can much exceed the height of a brief tetanus 
(Figs. 5 A, 9 A and 10 C). Again, the secondary contraction can graft itself 
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so early upon the twitch that it appears merely as an increase of height 
and duration of this latter. In general its form is that of a slow smooth 
twitch lasting several seconds (Figs. 4 A, 5, 6 and 7). At times the re¬ 
laxation is late and irregular (Fig. 9 A); in such cases inspection finds the 
muscle bunched up towards its proximal (neural) pole and fibrillating more 
or less markedly. 

The tension of the secondary contraction is always less than that of 
the twitch which precedes it, even when the shortening of the contracture 



Fig. 9. Twitches followed by a secondary contraction and single maximal contractions 
isotonically recorded (A), and isoraetrically recorded (B), at an interval of a few 
minutes. An extreme example of the contrast existing in neuro-muscular contracture 
between the degree of shortening of the muscle and the feebleness of the tension 
developed by the contracture. Time in seconds. Reduced by i. 

(isotonically registered) exceeds that of the twitch (Fig. 9). The strongest 
secondary contraction I have registered has not exceeded J tension of 
the corresponding double twitch. This disparity between shortening 
and tension is often met with in contracture both of skeletal and of 
smooth muscle. It is important to bear this in mind in relation to the 
metabolism of contractures such as acetylcholine contracture. A con¬ 
tracture which is strong to judge by the isotonic record of a lightly 
weighted muscle may develop little contraction tension, and give 
correspondingly little lactic acid or heat. This has to be remembered of 
the recent experiments of Miura [1931] and of the interpretation he 
gives. 







78 


F. BREMER. 


Fatigue and temperature on neuro-muscuiar contracture. 
Neiiro-muscular contracture is incomparably more sensitive to fatigue 
than is the neiuro-muscular twitch. A rapid succession of twitches, each 
with its appended secondary contraction, soon tires out the latter 



Fig. 10. A. Fatigability and very rapid restoration of neuro-muscuiar contracture. Having 
disappeared completely after a rapid series of 10 contractions (double tetani at an 
optimum interval of 4a), it reappeared with the same intensity after a rest of 2 min. 
B. Lesser fatigability of contracture provoked by the summation of two direct stimuli 
on a curarized muscle. C. Selective sensitivity of neuro-muscuiar contracture to 
atropine. Double tetanic contractions (optimum interval 3*5a) elicited every 2 min. 
Two successive intravenous injections of 4 and 2 mg. Atropine sulphate considerably 
weakened the secondary contraction without diminishing the height of the twitch. 
On the three records, time in seconds. Reduced by J. 

(Fig. 10 A). Some minutes of rest restores the contracture fully. The 
fatigue seems mainly seated at the neuro-muscuiar junction, for con¬ 
tracture by summation of direct stimuli (Fig. 10 B) is more resistant. 
Besides fatigue of neuro-muscuiar contracture ensues quicker from 
twitches followed by contracture than from twitches not so followed. The 
mechanism of neuro-muscuiar contracture is therefore fatigable through 
the action of rapid contraction but still more so through its own action* 
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Warming of the muscle to 26° C, or higher annuls at once its tendency 
to neuro-muscular contracture (Fig. 11 A, B), but the contracture response 
to direct galvanic stimulation persists. Cooling the muscle restores 
ability for neuro-muscular contraction (Fig. 11C). 


A 

IS'C 




Fig. 11. Reversible disapjiearance of neuro>muscular contracture by warming the muscle 
to 28° C. The three series of twitches were successively recorded in the course of 
half an hour. Time in seconds. Reduced by 1. 

Pharmacology of neuro-muscular contracture. 

Contracture is somewhat selectively affected by curare. Under in¬ 
complete curarization the elicitation via the nerve of the rapid twitch is 
always less impaired than is that of the “secondary contracture” 
(Fig. 4 A). This is intelligible, since the production of the contracture, 
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involving a summation of impulses, is more complex and thence more 
vulnerable than that of the neuro-muscular twitch. At the stage in 
which contracture is abolished the twitch is however much reduced 
(Fig. 4 A). 

The atropine group has a markedly selective action on neuro¬ 
muscular contracture, even in doses which do not touch the twitch 
(Fig. IOC). The atropinized muscle still responds by contracture to suit¬ 
able direct stimuli (Fig. 4 D). There seems in fact a true “curarization” 
of the contracture, a point of interest for its explanation. The dose of 
atropine abolishing neuro-muscular contracture is much higher than that 
suppressing the parasympathetic effects. This action of atropine is prob¬ 
ably unrelated to its parasympathetic affinity. Suffice it here to cite the 
identity of refractory period of the “motor” fibres of contracture and 
of ordinary motor fibres (Fig. 5 C). Further, the lack of proof, anatomical 
and pharmacological [Dale and Gasser, 1926], of any parasympathetic 
innervation of the skeletal muscular fibre. 

As already stated the neuro-muscular and acetylcholine contractures 
sum one with another (Fig. 8). It is, however, little likely that acetyl¬ 
choline plays a part in the production of neuro-muscular contracture, 
which exhibits only exceptionally the “resolution” [Riesser, 1921,1925; 
Hess and Neergaard, 1924] so characteristic of choline contracture 
(Fig. 8). Further, acetylcholine in the perfusion fluid (oxygenated Ringer) 
for the gastrocnemii when they are giving strong neuro-muscular con¬ 
tractures gives me wholly negative results in the five experiments I have 
performed. Hearts of JB. temporaria used as reagents for the alkaloid 
were sensitive to dilutions of acetylcholine of lO"*^ to 10“®. 

Adrenaline, even in toxic doses (0‘01 mg. per g. intravenously 
injected), is without effect on neuro-muscular contracture. I have per¬ 
formed no experiments using ergotamine. 


Discussion, 

To obtain a contracture of skeletal muscle by indirect excitation, it is 
thus necessary to make use of the mechanism of summation of nervous 
impulses by repetitive stimuli. This neuro-muscular contracture furnishes 
a myogram exactly similar to that of the summation of two or more brief 
stimuli applied to the same muscle after curarization. These facts are in 
perfect accord with the hypothesis that reversible contracture of skeletal 
muscle is the reactional expression of a very slow, specific excitability of 
the muscle fibre. 
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The remarkable pharmacological properties of neuro-muscular con¬ 
tracture seem to me to furnish a new argument in favour of this con¬ 
ception. 

As we have seen, there is a manifest difference between the action 
of curare and of atropine on slow secondary contraction, in respect of 
their selectivity: when applied to the gastrocnemius of R, temporaria, 
atropine and scopolamine paralyse selectively neuro-muscular con¬ 
tracture, while the action of curare is on the contrary but very imperfectly 
selective. 

In the theory of Lapicque [1926], taken in its most general form, 
curarization of a neuro-muscular apparatus is considered to result from 
the rupture of the minimum accord necessary for neuro-muscular trans¬ 
mission between the respective speeds of excitability (chronaxies) of the 
muscle and the nerve. This theory of curarization could be further en¬ 
larged by attaching it to the general hypothesis of Herman-Cremer- 
Lillie, and expressing it thus: The abolition of nervous command over a 
muscle results from all alterations of the excitability of the muscle fibre 
wliich render it inexcitable by those particular stimuli constituted by 
the action currents of the nerve. This alteration of excitability may be 
either a modification of the chronaxie, or a simple rise in the threshold of 
the muscle fibre. 

It is well known [Lapicque, 1926] that atropine and the alkaloids of 
its group are much more toxic for slow muscles than they are for rapid 
muscles, while exactly the opposite is found in the case of curare. This 
explains why atropine, which has but an imperfect effect on rapid muscles, 
has in sufficient doses an effective curarizing effect on slow muscles. Its 
selective curarizing action on neuro-muscular contracture is thus well 
explained by the hypothesis that this contracture is the manifestation of 
a very slow excitability which is as such very susceptible to atropine. 
The possibility of this selective curarization of contracture may be con¬ 
sidered a proof of its long chronaxie. The reality of a specific toxic action 
of atropine on the excitable substance of contracture is further demon¬ 
strated by the fact that this alkaloid, when in a much higher concentration 
than that necessary for paralysing neuro-muscular contracture, also 
causes the disappearance of galvanic contracture in the muscles of 
Anura, without nevertheless abolishing the ordinary rapid contractility 
[Riickert, 1930 6]. 
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VI. Electromyogram of neuro-muscular contracture. 

The electromyographic study of neuro-muscular contracture is of 
particular interest. The experiments that have just been described tend 
to show that reversible contracture of skeletal muscle is the expression of 
a specific type of excitation of the muscle fibre. At present it seems well 
established that the electrical manifestations of muscular contraction are, 
in part at least, determined by the state of excitation of the muscle 
fibre, independently of the mechanical phenomenon of contraction. 
Bishop and Gilson [1927], confirming the older observations of Lee 
[1887], have shown, in fact, that the monophasic electrogram of the 
isometric twitch of the frog’s sartorius is the expression of an electrical 
negativity lasting during the entire period of contraction, but that this 
electrogram might be dissociated to a certain extent into two successive 
phases: (1) a brief initial negative phase of great amplitude; (2) a second 
negative phase, normally more or less fused with the first, the shape of 
which corresponds to that of the isometric myogram. According to 
Bishop and Gilson, the first phase is the electrical expression of the 
wave of excitation passing over the fibres, while the second corresponds 
to the electrochemical reaction which is supposed to be the basis of the 
process of contraction. As Gasser [1930] suggested, one can equally well 
account for this division of the electromyogram into two successive 
elements by assuming that the muscle fibre in a simple contraction passes 
successively through two distinct, although causally linked, stages of 
excitation: (1) the wave of excitation and of negativity which is trans¬ 
lated into the initial sharp deflection, and (2) the state of excitation 
which is the immediate cause of the contraction, and which is shown by 
the delayed phase of negativity. 

If this dualistic interpretation of the electromyogram is correct, then 
reversible contractures, which are characterized by the absence of propa¬ 
gation of the contractile process along the fibre, should present as 
their sole electrical manifestation only that negativity which is in im¬ 
mediate causal relationship with the contractile process and the intensity 
and duration of which vary proportionally as the intensity and duration 
of the latter. This functional negativity ought to evince itself, in the 
monophasic electromyogram, in a curve devoid of oscillations, whose 
shape corresponds more or less to that of the isometric myogram of the 
contraction, but which may be initiated before the appearance of tension. 

This is essentially what has been observed in the case of many 
reversible contractures. But these potentials have been very differently 
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interpreted: in some cases as the electrical manifestation of an authentic 
state of excitation, in others as a current of deformation, and in still 
others as a current of alteration resulting from the harmful action of the 
chemical agent producing contracture [see literature in the review of 
Gasser, 1930]. 

Further, the presence of rapid oscillations complicating a continuous 
deviation in the electrogram of various contractures, notably of veratrine 
contracture, has often been interpreted, recently by Wachholder 
[1930 a], as the proof of the fundamentally tetanic nature of these con¬ 
tractures. To these conclusions Dittler and Freudenberg [1923] and 
Gasser [1930] have raised serious objections. 

All these electrographic studies were made, besides, on chemical 
contractures, capable of causing changes in the muscle which in them¬ 
selves might generate differences of potential. Thus it was particularly 
interesting to make an electromyographic study of a contracture provoked 
by electrical stimuli, especially 'indirect stimuli, which joins to the 
advantage of being the most physiological method, that of eliminating 
all possibility of an electrical artefact due to the stimulus. 

Beritoff and Woronzow [1926] have already studied the electrical 
manifestations of the post-tetanic contracture of the gastrocnemius of 
the frog indirectly faradized. They demonstrated the existence of a non- 
oscillatory negativity concomitant with the contracture,which is gradually 
dissipated in the same time as the latter. But it is probable, because of 
the conditions (prolonged tetanus) and the object {R, esculenta) of their 
experiments, that the contracture was one of fatigue and not the con¬ 
tracture by excitation in which we are interested. 

The neuro-muscular contracture of teynporaria lends itself weU to 
electromyographic registration because of its constancy of reaction, which 
permits the successive registration, in a few minutes, of twitches followed 
by a secondary contraction, and of ordinary single twitches. 

These researches were performed by means of a Cambridge string 
galvanometer. Because of the small size of the electromotive forces 
involved the tension of the string was in general reduced to a displace¬ 
ment of 30-40 mm. per millivolt, which, considering the optical amplifi¬ 
cation and the resistance of the string according to the formula of 
Forbes and Ray [1923], represented a sensitivity of 330-450 metres per 
ampere. The leading electrodes were two fine silver chloride pins, one of 
which was inserted into the belly of the gastrocnemius muscle, and the 
other into the tendon of Achilles, which was itself attached to a Sher¬ 
rington isometric myograph arranged for optical registration. The 

6”—2 
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resting current, generally feeble (several millivolts), was always com¬ 
pensated. 

My own observations of the electromyogram (PI. I) of twitches free 
of contracture registered under these strictly isometric conditions, with 
approximately monophasic derivation, and with a high string sensitivity, 
find that it is composed of two successive and clearly distinct phases, 
fully confirming the results of Bishop and Gilson [1927] mentioned 
above. In the case of double tetanic contractions, provoked by two 
stimuli at a sufficiently long interval, the positive appendage of the 
initial negative deflection is double (PI. IC), while the delayed negative 
deflection remains simple corresponding to the myogram of the two fused 
contractions. 

This duality of the monophasic electromyogram of a twitch, recorded 
with a galvanometer having a very sensitive string, corresponding to that 
which Bishop and Gilson [1927] obtained with the cathode-ray oscillo¬ 
graph in their study of the monophasic myograph of the isometric twitch 
of the frog’s sartorius is, seemingly, as these authors suggested, the 
expression of a duality of origin of the potentials. The brief initial phase 
represents, according to this hypothesis, the potential of the muscular 
“impulse” which precedes the contraction; the second phase, of lower 
potential, and which is synchronous with the development of tension, 
would be intimately associated with the process of contraction. Control 
experiments permitted the exclusion both of the phenomenon of 
De Meyer (current of deformation), and of an artefact resulting from 
displacement of the electrodes. PI. ID shows that passive variations 
in the tension of the muscle, although greater than the active variations 
corresponding to contractions A, B, and C, cause but insignificant 
variation in potential when compared with those of the delayed phase of 
the electromyogram of these twitches. 

The fundamental experiment destined to demonstrate the electrical 
sign of neuro-muscular contraction consisted in recording, in a rapid 
series, the isometric myogram and electrogram of four twitches, some 
(the Ist and 4th, Pis. II and III A and D) followed by the slow secondary 
contraction because they were promoted by two indirect stimuli of 
adequate interval (± 3*6a), and others (the 2nd and 3rd, Pis. II and 
III B and C) free of contractures because they were provoked by a single 
stimulus, or by two stimuli at a sufficiently great interval (in general 
10a). As in my preceding experiments, the tendency of the muscle to¬ 
ward neuro-muscular contracture was augmented by a short tetanization 
preliminary to the rest of the experiment. 
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The neuro-muflcular contracture is represented on the isometric 
myogram (Pis. II and III A and D) by a renewal of the contraction which 
interrupts at various points the phase of relaxation of the double tetanic 
contraction, and which lasts, although progressively decreasing, for 1~2 sec. 

Electrographically (Pis. II and III A and D) the contracture is 
characterized (1) before any mechanical manifestations by the aug¬ 
mentation of the amplitude of the delayed negative wave of the electro¬ 
gram of the twitch; (2) by the prolongation of the decreasing phase of 
this wave in a curve which slowly approaches the line of isoelectricity at 
the same time as the line of the myogram approaches the position of 
initial tension of the quiescent muscle. The parallel between the two 
curves is striking. Sometimes the line of the electrogram of the con¬ 
tracture is irregularly scalloped (PL III A and D). These waves may pass 
the line of isoelectricity, especially near the end of the contracture, and 
give the appearance of a diphasic electrogram. In general, with the ex¬ 
ception of these apparently secondary waves corresponding to the waves 
in the myogram, the curve is simple. But from time to time one can dis¬ 
tinguish very fine rapid oscillations which are hardly visible. The appear¬ 
ance of the electromyogram of contracture is somewhat variable from 
one experiment to another, but is remarkably constant for the same muscle 
and for the same position of the leads. 

The negative potential associated with neuro-muscular contracture is 
slight, as is the tension developed by the contracture, and is at all times 
proportional to this tension. The highest electromotive force that I have 
recorded is of about 3 millivolts; it corresponded, in this experiment, 
with a tension of 40 g., while the tension of the contraction which it 
followed was 300 g. 

Discussion 

From these observations it seems that the monophasic (from muscle- 
tendon leads) electromyogram of neuro-muscular contracture of the 
gastrocnemius of R. temporaria consists essentially of a non-oscillatory 
negativity of the active lead. This negativity, being neither current of 
deformation, as demonstrated by control experiments, nor a result of 
alteration of the muscle substance, because the contracture was provoked 
by indirect stimuli, can be legitimately considered as the electrical 
expression of the specialized type of muscular activity represented by 
contracture. This potential is feeble, as is the tension developed by the 
contracture itself, is proportional to this tension and is slowly dissipated 
in the same as this latter. 
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The small rapid oscillations sometimes present in the electromyograms 
are seemingly the electrical sign of fibrillations which are visible to the 
naked eye in the muscle in contracture. 

These observations and these interpretations are in complete accord 
with electrographic observations which have been recently made on 
other reversible contractures in skeletal muscle, especially with those of 
Schaffer and Licht [1926a, 6] on acetylcholine contracture and the 
Vulpian-Heidenhain phenomenon, and of Bishop and Kendall 
[1929]on aldehyde contracture of the frog’s sartorius. Shaffer andLicht 
demonstrated the complete parallel between the electrogenic activity of 
acetylcholine and its contracture producing action (experiments on the 
mammalian muscle, in a normal state or in a state of Wallerian de¬ 
generation), while Bishop and Kendall discussed, and rejected cate¬ 
gorically, the opinion of Verz4r and Peter [1925], which attributes the 
potential changes in aldehyde contracture (which is of the veratrine tj^e), 
to alterations contingent on the form and electrical resistance of the 
muscle in contracture. 

My experiments, performed under strictly isometric conditions which 
in themselves exclude the above interpretation, reveal an additional fact, 
irreconcilable with that interpretation, namely, that the negativity as¬ 
sociated with the contracture commences several hundredths of a second 
before the appearance of the tension on the simultaneously recorded 
isometric myogram. One sees in Pis. II and III that the amplitude of the 
negative phase corresponding to the period of relaxation of the twitch 
is clearly greater in the record of twitches A and D, which are followed 
by a contracture, than in twitches (single or double) in which contracture 
is absent. This increase of negativity does not correspond to any increase 
in contractile tension, for the tension developed by neuro-muscular con¬ 
tracture never determines an increase in the height of the isometric 
twitch. Yet it is probable (see Fig. 2 B) that the period which immediately 
precedes the appearance of the contracture is already characterized by an 
increase in the muscular viscosity. 


General discussion and conclusions. 

The aim of these researches was to verify the hypothesis, already 
deduced by a critical examination of known facts, that reversible con¬ 
tracture of skeletal muscle is the expression of a particular type of 
excitation of the muscle, which is characterized by the slowness of its 
development, and especially of its dissipation. 
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In favour of this conception I may claim to have brought forward new 
arguments, some indirect, and others more direct. I have been able to 
show: (1) that conformable to the well-known law relating the duration 
of the process of excitation in a tissue to the speed of excitation of the 
same object, to elicit a reversible contracture requires either a single 
stimulus of a considerable duration, or the ‘‘addition latente” of two or 
more stimuli which are singly too short to be effective; (2) that by using 
particularly sensitive muscles, such as the gastrocnemius of R. temporaria, 
one can obtain a true contracture by indirect stimulation if one takes 
advantage of the phenomenon of the “addition latente” of nervous 
impulses. I have indicated that the similarity between this “addition 
latente” of nervous impulses, and the “addition latente’’ of direct 
electrical stimuli of very short duration, results evidently from the fact 
that the bioelectric currents of the nerve impulse have the same effect 
on the muscle as very brief electrical stimuli; (3) a third and direct 
argument was furnished by a study of the electromyographic properties 
of neuro-muscular contracture. This contracture, provoked by truly 
physiological stimuli, independently of any pharmacological action, is 
shown to be characterized by a non-oscillatory negativity, the curve of 
which follows closely that of the contractile tension developed. 

This particular form of excitation of the muscle may be supposed to 
set into action the same contractile mechanism as is employed in ordinary 
contraction. The identity of the metabolism of contracture and con¬ 
traction demonstrated by Hartree and Hill obliges us to acknowledge 
the unity of the contractile mechanism. There is thus a duality of 
excitation but not a true duality of contraction. Contracture and con¬ 
traction then, seem only to differ in the nature and duration of inter¬ 
mediate processes constituting the protoplasmic excitation, which form 
a link in the chain of phenomena leading from the stimulus to the liberation 
of muscular energy. 

This conception of the mechanism of contracture approaches in detail 
that which was more or less explicitly developed by Jensen [1914], and 
by A. V. Hill [1926, p. 76]. That of Jensen in particular postulated, as 
Gasser [1930] also emphasized, “two modes of approach to the same 
metabolism or mechanism.” 

All the evidence indicates that the “excitable substance” of con¬ 
tracture co-exists in each individual muscle fibre with the excitable 
substance of rapid contraction, and is not provided for by special fibres. 
I have shown, in fact, that the nerve fibres responsible for the trans¬ 
mission of the “motor” impulses of neuro-muscular contracture are in 
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all probability the ordinary motor fibres. On the other hand, if it is true 
that different muscles of the same vertebrate can be differentiated on the 
basis of their unequal aptitude for contracture, and that one can even 
distinguish in certain muscles, as in the ileo f ib ularis of the frog studied 
by Sommerkamp [1927], two groups of fibres, both on the basis of their 
contractile properties and their macroscopic appearance, it is also true 
that these fibres with particular aptitude for contracture have by no 
means lost their aptitude for ordinary tetanic contraction. 

In a muscle capable of contracture the very same fibre can thus 
react according to the qualities^ of the direct or indirect stimulus, 
either by a twitch or tetanus free of all contracture, or by a contraction 
followed by a contracture. 

What is the biological significance of this dual excitability? Has it an 
important functional significance? A priori this seems hardly probable 
by reason of: (a) the extreme variability of the tendency toward con- 
tracture in the same muscle, as the gastrocnemius of Anura, according to 
the species, and even the individuals of the same species; (6) the fact that 
contracture of skeletal muscle does not represent a more economical 
mode of activity than normal contraction; (c) the feeble contractile 
tension developed by neuro-muscular contracture. No one any longer 
defends the hypothesis of a direct relationship of contracture with 
postural tonus of vertebrates. 

Nevertheless, the idea of a functional rdie for this type of muscular reaction has re¬ 
appeared in several recent publications. Thus Hess and Biisch [1927] have suggested its 
adjuvant rdle in tetanic fusion. 

To this hypothesis there is the objection resulting from my own researches that at a 
frequency necessary for neuro-muscular contracture tetanic fusion is already complete. 
Besides, A. V. Hill and his collaborators have demonstrated that completion of tetanic 
fusion is economically provided for by the effective mechanism, common to all Vertebrata, 
of the prolongation of the phase of relaxation of a contraction by fatigue and by initial 
extension of the muscle. 

Wachholder [1930 6, c, 1931], demonstrating the parallel existing between the 
sensitivity of skeletal muscles to contracture by acetylcholine and their degree of postural 
activity, attributes to this fact a fundamental biological importance. 

^ I call attention here to the fact that that which determines the appropriateness of a 
stimulus for a “slow” excitable substance is its relative duration, and not, as Be the, 
Fraenkol and Wilmers [1922] mistakenly supposed, the progressivencss of its establish¬ 
ment. The rapidity of establishment of a stimulus always favours its efficacity, but slow 
tissues tolerate a more gradual establishment of a stimulus than do rapid tissues [Lapicq ue, 
1926]. 

Since mechanical, thermal, and chemical stimuli are always of considerable duration in 
comparison with the duration of an induction shock, their efficacity in provoking contracture 
can readily be explained. 
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But the recent researches of Freund and Bilckert [1930] and Ruckert [1930a, h] 
lead to a different interpretation of these “tonic” properties of skeletal muscle. They have 
shown that the aptitude of a muscle to electrical or alcaloidal contracture varies inversely 
as the ontogenetic and phylogenetic evolution of the muscle, other conditions being equal. 
One can discover in the adult the stages of this evolution, either in comparing in the same 
animal muscles of different phylogenetic antiquity, or in following the same muscle through 
the vertebrate series. This evolution may be accelerated because of functional causes, as 
in the case of the wing musculature of birds, and of some of the muscles of the posterior 
limbs of Anura [Freund and Riickert, 1930]. The same cause, participation in rapidly 
alternating movement of which the execution would be hampered by contracture, seems to 
me to explain the striking difference in aptitude for contracture between the gastrocnemius 
of a. temporaria and Bufo which are terrestrial Anura whose locomotion is chiefly by 
walking, and the same muscle of R. esculenta which is a swimming and jumping animal 
(Fig. 12). In this sense was taken the statement of Freund and Riickert, contrary to 
the interpretation of Waohholder,that “only the loss of the tonic properties seems to be 
dependent on the functional specialization of the muscle.” 

Aptitude for contracture would thus characterize a primitive evolu¬ 
tionary state of the muscle fibre, a condition which has been passed by 
some muscles but not yet by others, either because despite their phylo¬ 
genetic antiquity they have retained primitive function (ocular muscles 
of mammals, Duke-Elder [1930]), or because, by reason of a too recent 
appearance in phylogeny, they have not yet had time to accomplish 
their evolution (diaphragm of mammals). 

This evolutionary stage is also reproduced by all mammalian muscles in the course of 
their ontogeny [R uckert, 1930 a]. Normal muscles of adult mammals have practically lost 
these “tonic” properties, but not entirely, as is demonstrated by the greater duration 
of galvanic contractions compared with contractions of the same height provoked by short 
stimuli or indirect stimuli (compare A and F in Fig. 3), and by the possibility of provoking 
galvanotonic contracture by very intense stimuli. The tonic properties reappear in various 
pathological conditions: Thomsen’s disease, myotonic myopathies, and WaUerian de¬ 
generation, which are characterized by a regression to an embryonic structural type. I 
have elsewhere called attention to the analogies between myotonic contracture in human 
pathology and neuro-muscular contracture in the Anura. This comparative study has led 
me to the conclusion that the myotonic rigidity which prolongs contraction in Thomsen’s 
disease and myotonic myopathies (Fig. 13) is a neuro-muscular contracture of abnormal 
muscles, provoked by a summation of normal nerve impulses [Bremer, 1929 6; Bremer 
and Mage, 1929]. 

This relationship of contracture to the evolutionary stage attained 
by the muscle fibre is well in accord with the facility with which smooth 
muscle responds to various stimuli by contractures, which in certain 
cases at least [Bozler, 1930 a, 6] entail a notable expenditure of energy 
and thus cannot be interpreted simply as a manifestation of extreme 
muscular viscosity. 

It fits in well also with the characteristic properties of the process of 
excitation which is the basis of contracture: slowness of development 
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Fig. 12. A. Isotonic neuro-muscular tetanus (5 g. load) of a brown frog (R, temporana) 
showing strong neuro-muscular contracture. Note the normal start of the plateau 
of the tetanus (latent period of contracture) and the dome which the contracture then 
produces. B. Neuro-muscular tetanus identically registered and provoked—at the 
same frequence of about 60 break shocks per second—of the gastrocnemius of a green 
frog {R, esculenta) of the same weight and the same state of nutrition, at the same 
temperature, 18° C. Time in seconds. Reduced by J. 



Fig. 13. Myotonic rigidity in man. Patient, 39 years, showing an accentuated myotonic 
myopathy. Myograms of the superficial flexors of the fingers. Registration by means 
of a “ cardiographic ” pneumograph applied over the muscle. Faradization of the motor 
point at a frequence of 40 break shocks per second. Note the prolonged omitracture 
which follows the first tetanus, its disappearance after a more prolonged faradization, 
and its complete reappearance after a rest of 5 min. Time in seconds. Reduced by J. 
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and dissipation, absence of propagation along the fibres, polar localization 
(cathodal), and absence or feeble development of the phenomenon of 
adaptation. These characteristics of the process of excitation in con¬ 
tracture present an analogy, already noticed byBiedermann [1895], 
with those of the visible reactions to galvanic stimuli by the undifferen¬ 
tiated protoplasm of numerous Protozoa. 

Eeversible contractures of the skeletal musculature of vertebrates 
which might be provoked by electrical, alkaloidal, or nervous stimuli, 
seem thus to be a primitive form of reaction of the muscle fibre. Tendency 
to contracture is the expression of a vestigial property, seemingly without 
any functional r61e, and of variable intensity according to the evolutionary 
stage of the muscle, its state of nutrition, and its functional specialization. 


Summary. 

1 . The gastrocnemius of R, temporaria presents a particular tendency 
to contracture by direct or indirect electrical and alkaloidal stimuli. The 
better the state of nutrition of the muscle, the stronger is this tendency. 

2 . The chronaxie of contracture of the gastrocnemius of R. temporariay 
measured by means of metallic electrodes and “longitudinal'* excitation, 
is about a hundred times that of ordinary contraction. 

3. Very brief direct electrical stimuli (for example break shocks), 
of physiological intensity, although maximal as far as the twitch is 
concerned, do not cause contractures of the curarized gastrocnemius 
when applied singly, but become effective only when repeated often 
enough and at an adequate interval, because of summation of stimuli. 
Two successive stimuli can suffice. In order to be effective at the ordinary 
temperature the interval ought to be between ± 2a and ± 80 , with an 
optimum oi ± i a, 

4. A single stimulus is equally ineffective in the case of indirect 
stimulation of the gastrocnemius of R, temporaria. In order to provoke 
a contracture of this muscle it is necessary to obtain a summation of 
nerve impulses. Neuro-muscular contraction provoked by two stimuli 
of adequate interval (1*5-8a, with an optimum of ± 4or) presents com¬ 
plete myographic analogy with the contracture elicited by summation of 
two direct stimuli on the curarized muscle. 

5. Neuro-muscular contracture is selectively sensitive to (a) fatigue, 
(6) heat, (c) atropine and related alkaloids. The ‘‘curarization" of neuro¬ 
muscular contracture by atropine may be explained by the particular 
toxicity of this alkaloid for substances of long chronaxie. 
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6 . The monophasic electromyogram of neuro-muscular contracture 
consists in a non-oscillatory negativity of the active electrode. The 
potential developed, which is very feeble, is proportional to the tension 
developed by the contracture. Its appearance seems to precede on the 
electromyogram the first manifestation of tension of the contracture. 

7. Myotonic rigidity of human pathology presents striking analogies 
in properties and mechanism with neuro-muscular contracture in Anura. 

8 . Contracture by excitation of skeletal muscle seems to be a primitive 
form of reaction of the muscle fibre, connected with an ‘‘excitable 
substance” of long chronaxie, and characterized by the slowness of 
development and dissipation of its excitatory process, its absence of wave¬ 
like propagation, and its persistence throughout the duration of a galvanic 
stimulus (absence of adaptation). 

9. A comparative study of the same muscle, such as the gastroc¬ 
nemius, in various Anura, suggests that the tendency of a muscle to 
contracture depends on its functional specialization, in the sense that 
habitual participation of the muscle in a rapid alternating movement 
(swimming and jumping) accelerates its evolution towards a stage char¬ 
acterized by no, or only a feeble, aptitude for contracture by excitation 
(confirmation of the hypothesis of Freund and Riickert). 

I wish to express my sincere thanks to Prof. Sherrington for 
undertaking the translation of this paper and to Dr H. E. Hoff who 
assisted in this task. 

The cost of these investigations was in part defrayed out of a grant from the Fondation 
Universitaire de Belgique to whom the author expresses his thanks. 
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EXPLANATION OF PLATES. 

Plate I. 

Isometric myogram and eleotromyograms of the gastrocnemius of a frog showing no neuro¬ 
muscular contracture. Decerebrate animal* Tendon-muscle leads; proximal negativity 
(muscular) indicated by a downward displacement of the string. String tension: 
50 mm. per millivolt; sensitivity reduced to 5 mm. per millivolt after the muscle 
was connected. From top to bottom; time in seconds, electromyogram, myogram. 
Temp. 20° C. Reduced by J. A. Single maximal twitch (indirect excitation). 
B and C. Double tetanic contractions elicited by two break shocks at intervals of 
3’5 a and 10 a respectively. D. Passive variations in tension of the same muscle. 

N.B. On these records, as on those of Pis. II and III, the large initial phase of the 
monophasic electrogram is not seen, because of the amplitude and very great rapidity of 
movement of the string. One can only see the positive deflection which succeeds it. The 
small regular oscillations in the string record are due to induction of the alternating 
current of the building on the very loose string. 

Plates II and III. 

Isometric myogram and electromyogram of the gastrocnemius of two brown frogs showing 
a strong neuro-muscular contracture. Same experimental conditions as for Fig. 1. 
Tension of the string: 40 mm. per millivolt; sensitivity reduced to 3 mm. per millivolt 
after the preparation was connected. Reduced by A and D. Double tetanic con¬ 
tractions elicited by two break shocks of just supramaximal intensity applied to 
the sciatic at the optimum interval of 3*5 a. Neuro-muscular contracture. B. Double 
tetanic contraction provoked by two stimuli at an interval of 10a. Absence of con¬ 
tracture. C, Single maximal twitch. No contracture. 

N.B. Contractions A, B, C, and D, were elicited in rapid succession, in this order. 
Explanation in text. 
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EXCITABILITY OF THE SINGLE FIBRE 
NERVE-MUSCLE COMPLEX. 

By harry GRUNDFESTi. 

{From the Eldridge Reeves Johnson Foundation for Medical Physics, 
University of Pennsylvania, Philadelphia, V,S,A,) 

Introduction. 

The relation between the intensity of an electrical stimulus and the 
minimum duration for which it must be applied in order to be effective 
has been studied by numerous observers who have used many different 
kinds of muscle and various nerve-muscle preparations. The present work 
deals with this relationship between duration and strength of an electrical 
stimulus in the single fibre nerve-muscle complex. The preparation which 
has been used for this purpose is the retrolingual membrane in the tongue 
of the frog, R, pipiens. Data have been obtained from indirect stimula¬ 
tion of nerve fibres lying in the membrane as well as from direct stimula¬ 
tion of both normal and curarizcd muscle fibres. It has often been possible 
to make all these measurements while observing throughout the response 
of one and the same muscle fibre. In this respect work with the retro- 
lingual preparation has a great advantage over the single fibre measure¬ 
ments of Jinnaka and Azuma [1922] and of Watts [1924], using the 
whole sartorius muscle, stimulated by a pore electrode. 

Purpose. 

The general significance of the strength-duration relationship lies in 
the theoretical conclusions that have been drawn from the experimental 
results. Since these results have been, in the main, conflicting, it is but 
natural that several opposing interpretations have been given to the data. 
The purpose of the present experiments has been to secure a direct test 
of the merits of two of these interpretations using a system which as far 
as possible avoids the sources of error that have been responsible for the 
conflict in previous results. 

^ Fellow in Biology, National Eesearcb Council. 
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There are two leading schools of opinion with respect to the 
interpretation of the strength-duration curves, one of which is that 
headed by Lapicque [1926]. Working on many kinds of nerve-muscle 
preparation, this observer finds that all strength-duration curves are 
identical if they are expressed in terms of certain units. According to 
his terminology the unit of intensity is the “rheobase,” while the 
“chronaxie” is taken as the unit of time. Lapicque has recently 
produced [1931 a] a “canon” for the strength-duration curve scaled in 
these units. 

Furthermore, the chronaxie plays an important role in the theory of 
isochronism which Lapicque has put forward. According to this hypo¬ 
thesis, the transmission of excitation from a nerve to its muscle is possible 
only when the chronaxies of both are approximately equal. Conversely, 
he believes that the blocking of such transmission is due to a condition of 
“heterochronism” which occurs when the two chronaxies differ by more 
than a ratio of 1: 2. In the case of a curari block, heterochronism is sup¬ 
posedly produced by an increase in the chronaxie of muscle, that of nerve 
remaining unchanged. 

Eesults in apparent conflict with this “law of isochronism” were ob¬ 
tained by Lucas [1907], and these have been extended lately by 
Rushton [1930, 1931, 1932 a]. Both observers used experimental con¬ 
ditions which are different from those of Lapicque. They find that the 
strength-duration curve is usually compound and can be separated intc 
at least two components. One of these has a very long chronaxie^ and is 
called the “a-curve.” The second, or “y-curve,” has a chronaxie of the 
order of that found on stimulation of the nerve trunk. Both Lucas and 
Rushton have presented evidence which indicates that the y-curve 
represents the excitability of nerve, while the a-curve measures the 
excitability of the muscle fibres. They find, for example, that curari 
abolishes the y-curve while the a-curve is unchanged. This view, there¬ 
fore, denies the importance or necessity of isochronism in the normally 
functioning Complex and generally presumes that the block in trans¬ 
mission produced by curari is due to an effect upon the myoneural 
junction. 

It has already been said that these two opposing views, of Lapicque 
on the one hand and of Lucas and Rushton on the other, derive from 
conflicting experimental results. Whence does this conflict arise? There 

^ Rushton [1932] has suggested that the chronaxie of these curves, whether 
“canonical” or not, should be called by Lucas' term “excitation time,” since Lapicque 
[1931 a] denies that it represents ”true” chronaxie. 
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have been numerous explanations. Jinnaka and Azuma [1922] have 
suggested that the discontinuities found by Lucas in the strength- 
duration curve represent changes in the number of excitable elements 
responding. Davis [1923], on the other hand, fotmd that the chronaxie 
of muscle increased with the size of stimulating electrode. He was con¬ 
firmed by Watts [1924]. In most of their work Lucas and Rushton 
have used large fluid or block electrodes, while Lapicque has employed 
chlorinated silver needle electrodes. The compound curves may there¬ 
fore be ascribed to the effect of electrode size on the strength-duration 
curve of muscle. Rushton [1932 (?] subscribes to the validity of this 
explanation, and points out that the use of large electrodes makes it 
possible to bring out more clearly the difference between the excita-, 
bilities of nerve and muscle in the gross preparation. Lapicque at first 
[1926] discounted the results of Lucas as due to errors. In his latest 
papers (1931 a, 5), however, he has withdrawn from this position and 
ascribes the results to the experimental conditions, at the same time 
concluding that the a-curves are “uncanonical” and do not measure the 
“true” excitability. Still a fourth explanation has been presented in a 
paper by Moore and Brucke [1931] which appeared after the present 
work had been completed. It will be taken up in a later section. 

Now one of these explanations—^that of Jinnaka and Azuma— 
holds that these conflicting results are due to an error introduced by 
measurements on a large population of excitable elements. This explana¬ 
tion is not without a basis of corroborating evidence from other observers. 
For example, Lapicque [1926] finds that the chronaxies of different 
nerve fibres vary inversely with the fibre diameter. Both my own ex¬ 
periments and those of Moore and Brucke [1931] show that individual 
muscle fibres may have widely different chronaxies. It therefore is quite 
legitimate to ask just what is represented by the averaged strength- 
duration curves obtained from the gross preparation. 

This difficulty is obviated by the use of a single fibre preparation. 
Jinnaka and Azuma [1922], Davis [1923], and Watts [1924] have 
reported measurements of the strength-duration curves of single muscle 
fibres in the sartorius of amphibians. These observers have confined them¬ 
selves, in testing Lapicque *s theory, to a study of the effect of curari on the 
chronaxie of the muscle fibre. Jinnaka and Azuma, on the one hand, 
find that the chronaxie is increased by curarization in accordance with 
Lapicque’s views. On the other hand, Watts finds no such change. 
This disagreement is possibly due to the fact that in neither group of 
experiments were the measurements carried out on the identical fibre 
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both before and after curarization. In view of the difference in the 
chronaxies of individual fibres either result is equally probable, and does 
not furnish an adequate test of the theory of isochronism. 

The present work has been carried out on a preparation in which the 
chronaxies of one and the same fibre can be determined both before and 
after curarization. Furthermore, a more complete test regarding the 
merits of the different theories of excitation can be carried out since it is 
also possible to stimulate nerve fibres lying in the retrolingual membrane 
and thus obtain the chronaxies of both components of the nerve-muscle 
complex. The response used has always been “ all-or-none ” under the 
conditions of the experiments [Pratt, 1930; Gelf an and Gerard, 1930], 
,and therefore a sharp index of response is available. Furthermore, it is 
possible to distinguish directly between a response due to nerve stimula¬ 
tion and a response caused by direct excitation of the muscle fibre. This 
distinction is possible because indirect stimulation through the nerve 
causes a contraction of the entire motor unit, while on direct stimulation 
only one fibre responds. The picture seen through the microscope is 
therefore quite different in the two cases. The distinction does not hold 
in the gross preparation, where a more involved analysis is employed 
[Rushton, 1932 c], in order to distinguish between responses due to 
direct and indirect stimulation. 

Prepabation. 

The retrolingual membrane of the frog’s tongue, a preparation which 
was first described by Thoma [1873], has lately been recalled to physio¬ 
logists by Fischl and Kahn [1928], Gelf an [1930] and by Pratt [1930]. 
The single muscle fibres are widely separated from each other so that 
they can be stimulated individually. It is also possible, in many cases, to 
stimulate them through the nerve fibres lying in the membrane. Under 
ordinary conditions the preparations can last eight hours or more, and 
numerous experiments can be performed on any one particular fibre. 
Moore and Briicke [1931] have already reported chronaxiemetric re¬ 
sults on this preparation. The present measurements were completed in 
the main before their data were published, and are obtained by the use 
of a different technique so that the results are therefore somewhat dif¬ 
ferent. By using a modification of Moore and Briicke’s technique Ihave 
been able to confirm their measurements and show the underlying cause 
of the differences in our results. I cannot, however, agree with their con¬ 
clusions, which will be discussed in detail later. 



SINGLE FIBRE NERVE-MUSCLE COMPLEX. 


99 


Method. 

The method of preparation employed is a modification of that de¬ 
scribed by Pratt and Eeid [1930] which permits the use of trans- 
illuminated membranes with intact circulation. A longitudinal superficial 
incision is made in the ventral surface of the everted tongue of the de¬ 
cerebrate frog. The various layers of tissue are carefully cut along the 
mid-line without injuring the larger blood vessels. This tissue is then 
pinned back to expose the retrolingual membrane. The preparation is 
covered with Ringer’s solution (modification of Stella, described by 
Parkinson, 1930, p. 226). A comparison of excised and intact mem'- 



branes has convinced me that the latter is greatly superior, offering as it 
does a large number of fibres which are uninjured and therefore capable 
of great steadiness in threshold. Moore and Briicke [1931] make the 
statement that the intact preparation does not permit clear observation 
of the muscle fibres. In the course of my work, however, I have de¬ 
monstrated the muscle fibres to many people, most of whom have had 
little or no training in microscopic observation and in no case has there 
been any difficulty in observing a response by a single muscle fibre. 

Stimulation has, in general, been by means of condenser discharges, 
essentially as described by Lapicque. The stimuli are applied through 
a localized cathode which consists of a large-bore glass tube (5-6 mm. 
inside diameter) pulled out in a micro-flame to a capillary having an 
opening about 20-60 microns in diameter. This tube is filled with Ringer’s 

7—2 
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solution and is connected to a Zn—^ZnS04 electrode by means of an agar 
Binger’s bridge. The anode is diffuse and is also made of agar Binger’s 
and Zn—ZnS04. The relatively large opening of the cathode assures all- 
or-nothing responses [Pratt, 1930; Gelfan and Gerard, 1930], while 
the wide spacing between the fibres of the membrane permits stimulation 
of only one fibre. 

The experimental arransement is easily grasped from a study of Fig. 1. The frog is 
placed in a petrie dish which is cemented to a movable glass stage. To the bottom of the 
dish is cemented a polished glass block 1 cm. square. The tongue is everted and the cut 
tissues are pulled out so that the retrolingual membrane lies flat on the block. The mem¬ 
brane is illuminated from below with the aid of a mirror and observations are made with 
a binocular microscope (magnification 70 x). A layer of paraffin whose level is slightly 
below the top of the glass block covers the petrie dish to permit pinning the tissues. The 
anode dips into the Ringer’s solution which covers the preparation, the cathode being held 
over the membrane in a micro-manipulator. By means of the various adjustments on 
the manipulator, the tip of the electrode is applied wherever desired. 

In all the experiments which are quoted, a 10,000-ohm shunt has been 
used across the electrodes, which in themselves have a resistance of 
150,000 to 250,000 ohms. This shunt ensures a uniform time constant for 
the discharge of the condensers. According to Lapicque’s empirical 
relation between the capacity and the effective duration of the stimulus, 
1*0 /LtF, under these conditions, is equivalent to 3*7-4-0of, and for ease in 
calculation the latter value has been used throughout. A comparison 
between the voltage-capacity and voltage-duration^ curves has con¬ 
firmed Lapicque’s relation: the two curves are identical up to a duration 
of about O' 1 a (capacity 0'025/LtF), For times shorter than this the voltage- 
duration curve ascends more steeply than does the voltage-capacity 
curve. 


Eesults. 

The experimental results can be divided into two main sections. The 
first group deals with a comparison of the voltage-capacity curves for 
direct and indirect stimulation. The second group is concerned with the 
effect of curari upon the voltage-capacity curve of a single muscle fibre. 
Several kinds of subsidiary experiments will be dealt with after the 
results of the first two groups are described. 


(a) Direct and indirect stimulation of a single muscle fibre. 

In twenty-four preparations it has been possible to stimulate both 
nerve and muscle fibres. The results show definitely that the chronaxie 
is much smaller for the nerve fibres than it is for the muscle fibres, 

^ The latter have been obtained with a timing device which has been newly designed 
by Mr A. J. Kawson, of the Johnson Foundation. It will be described by him elsewhere* 
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2. Voltage capacity curves plotted in logarithmic coordinates. Ordinates: voltage in 
terms of divisions on a 1000-unit potentiometer scale. Abscissae: capacities in /tF. 
The lower curve is for a single nerve fibre. The upper curve is for one muscle fibre 
innervated by this nerve fibre. The filled circles are measurements before ourarization, 
while the clear circles i*epi*esent measurements after curarization. The chronaxies of 
each tissue are given in the figure, the ratio of chronaxies of nerve and muscle fibres 
being about 1 : 3. The curve drawn in broken lines represents Lapicque's “canon.” 
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The ratio between the two chronaxies varies from 1: 2 to 1: 10. Two 
sets of curves are shown in Figs. 2 and 3. They are plotted on a 
double logarithmic scale, the advantages of which have been discussed 
by Rushton [1931]. In each figure, the lower curve is that obtained 
from a nerve fibre, the chronaxie being indicated by an arrow. The filled 
circles in each upper curve are measurements made with direct stimula¬ 
tion of a muscle fibre innervated by this nerve fibre. It is seen that the 
chronaxies of the nerve and muscle fibres are quite different. The results 
of similar measurements on twenty-four preparations can be summarized 
as follows: (a) the muscle fibres have chronaxies ranging from 0*016 to 
0-08/jlF (0*06-0*32 (t); (6) the chronaxies found for nerve fibres vary from 
0*005 to 0*013/xF (0*02-0*05or)^; and (c) the ratio of nerve-fibre chronaxie 
to that of muscle fibre in the same preparation varies from 1: 2 to 1: 10. 

(6) The effect of curari upon the voltage-capacity curve. 

In twelve of the above experiments curari was added to the Ringer’s 
solution while the cathode was located upon the nerve fibre. After a few 
minutes, a block in transmission was established. The cathode was then 
replaced upon a muscle fibre whose uncurarized excitability had been 
previously measured. Its excitability after curarization was then de¬ 
termined. Figs. 2 and 3 present the data for such measurements as well. 
The experimental values after curarization are indicated as open circles 
in the upper curves. It is clear from these figures that the excitation 
curves and the chronaxies of muscle fibres are unaffected by curarization. 

The curari used has been from three different sources, namely: (a) the curan “type’' 
used at the Sorbonne and kindly furnished me by Dr Rush ton; (6) Merck’s; and (c) curari 
supplied by the firm of Eimer and Amend, New York, to the Marine Biological Laboratory 
at Woods Hole, Mass., where some of these experiments were carried out. The usual 
dosage has been a 0*01 p.c. concentration of curari in the Ringer’s solution covering the 
membrane. Curarization is generally complete in 3 min. and very often within 1 min. 
Concentrations of curari as high as 0*05 p.c. have been employed without affecting the 
excitability or changing the chronaxie of the muscle fibres. In one experiment, a curari con¬ 
centration of 0-07 p.c. caused a decrease in the chronaxie. This is probably ascribable to 
the effect of salts brought in with the curari. 

These two types of experiments indicate therefore very clearly, 
(1) that the law of isochronism is invalid, at least for the retrolingual 
preparation, and (2) that Lapicque’s explanation of the mechanism of 
curarization is incorrect, since curari does not affect the chronaxie of a 
muscle fibre nor does it change the excitability curve. 

It is important to note that the chronaxies of the single muscle fibres 
are of the order of magnitude found by Lapicque [1926] on the gross 
preparation as well as by Jinnaka and Azuma [1922] and Watts 

^ The surprisingly small chronaxies of these nerve fibres will bo discussed later* 
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[1924] on single fibres. Presumably, therefore, these values represent 
“true” chronaxie in Lapicque’s newer terminology [1931a]. The 
excitability curves do not agree with the “canon” given by Lapicque 
[1931 a] which is shown in Figs. 2 and 3 in broken lines, though it must 
be admitted that this “canon” was put forward in relation to strength- 
duration curves, and not to voltage-capacity curves. 



Fig. 4 a. Compound curvcH similar to those described by Lucas, but obtained from the 
single tibre preparation. The suppressed branches of both the nerve and muscle-fibre 
curves are obtained as described in the text The lower and middle compounds are 
from the same fibres. The upper is from another preparation. 

(c) The production of compound curves. 

A striking, but entirely to be expected, illustration of the difference 
between the strength-capacity curves of muscle and nerve fibres is shown 
in Figs. 4 a, b. Such compound curves are obtained in the following 
manner. The localized electrode is applied at a place where a muscle fibre 
and a nerve fibre are contiguous. Measurements are then made stimu¬ 
lating the muscle fibre. 
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It is perfectly clear from Figs. 2 and 3 that the muscle curve ascends 
at a faster rate than does the curve for nerve. Eventually therefore a 
capacity is reached for which the threshold of the nerve is below that of 
the muscle. The response then changes in the manner already described, 
there is a discontinuity in the voltage-capacity curve, and measurements 
are now being made along a curve representing nerve excitation. Further¬ 
more, the lower portion of the nerve curve can be obtained by measure¬ 
ments which use as an index the response by the entire motor unit. This 
part is shown as the broken line in Figs. 4 a, b. The upper part of the 
muscle curve, on the other hand, can be obtained either after curarization 



Fig. 4 6. A compound curve in which the chronaxies of the nerve and muscle fibres differ 
by a ratio of 1 ; 8. The muscle fibre which was innervated by the nerve fibre had an 
excitability represented by the filled circles. The clear circles express the excitability 
of the nerve fibre. (Exp. of 3. v. 32.) 

or, more simply, by moving the electrode away from the vicinity of the 
nerve fibre. The broken line of the muscle curve in Fig. 4 a (lower set) 
and Fig. 4 h represents this portion. 

These compound curves, except for the different time relations, are 
strikingly reminiscent of the curves obtained by Lucas [1907] and by 
Rushton [1930, 1931]. For the moment, we shall leave open the ques¬ 
tion as to the relation which the compound curves obtained from the 
gross preparation bear to those found in the study of single fibres. The 
point which I wish to emphasize now is that in the present case, it is 
demonstrated directly that the composite nature of the curves in 
Figs. 4 a, 6 is due to the excitation of two different elements, namely, 
the muscle fibre and the nerve fibre. 
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The curves shown in Fig. 4 a also illustrate how difEerent kinds of 
compounds can be obtained. The lower and middle sets are the identical 
fibres, but the electrode has been moved slightly so that the relative 
thresholds of the nerve and muscle are difEerent. The curves therefore 
cross at different values of the capacity. A second way of changing the 
crossing point is shown in the upper set. Although the relative thresholds 
are intermediate to those in the other curves the crossing point comes at 
a much smaller capacity because the chronaxies of the nerve and muscle 
fibres, and therefore the forms of the strength-duration curves, more 
nearly approach each other. 

In sum, therefore, all the results produced so far show that the single 
fibre nerve-muscle complex has two distinct excitabilities. Structurally, 
these excitabilities are represented by the two components, nerve and 
muscle. Furthermore, a block in transmission which is produced by curari 
does not alter the chronaxie, and unless the curari dose is much greater 
than is necessary to cause a block does not affect the excitability curve. 

These results are in conflict with the theory of isochronism expounded 
by Lapicque. On the other hand, they are in agreement with the view, 
held by Lucas and by Rush ton, that the excitable substances of nerve 
and muscle are different and that this difference manifests itself in a condi¬ 
tion of normal heterochronism. It will be shown, in a moment, that such 
heterochronism can also be demonstrated in a preparation which is not 
covered with Ringer’s solution and which is stimulated with Ag—AgCl 
wire electrodes. Consequently, Lapicque’s latest objection [1931 6] to 
the view of Lucas and of Rushton disappears. 

(d) Heterochronism in preparations not covered with 
Ringer^s solution. 

This type of experiment was made after the appearance of the paper 
by Moore and Briicke [1931], already mentioned. These authors use 
large Ag—AgCl wire electrodes for stimulating single muscle fibres in the 
retrolingual membrane. They also stimulate the hypoglossal nerve trunk 
while observing, in some cases, the response of muscle fibres. The 
chronaxies which Moore and Briicke obtain are much larger than those 
given above. Thus, they find that the chronaxies of the nerve trunk are 
0*9-1*5(7, while for the muscle fibres the chronaxie varies from 2*5 to 
70a. Moore and Briicke also report and illustrate remarkable dif¬ 
ferences between the response to direct and indirect stimulation. With 
the relatively large capillary electrode, I have been unable to find any 
such peciiliarities as partial contracture and slow relaxation upon direct 
stimulation which are reported by these observers. 
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For these several reasons I have repeated their experiments, using, 
however, the intact preparation. This has been mounted in the chamber 
shown in Fig. 1, the floor of which is covered with a layer of moist filter 
paper (cut out to clear the glass block). To the filter paper is attached a 
chlorinated silver-wire anode running the length of the membrane under¬ 
neath it and perpendicular to the muscle fibres. Since the glass block and 
therefore the central portion of the membrane is higher than the filter 
paper, the preparation is not covered by Ringer’s solution. For a cathode 
I have used (a) either another chlorinated silver wire running parallel to 



Fig. 5. Compound curves obtained from the identical fibres, with electrodes of different 
sizes. The lower compound has been obtained by using a silver-wire cathode, the 
upper with a capillary electrode. The broken circles in the upper muscle curve re¬ 
present measurements after curarization. 


the anode, (b) a silver wire bent downwards in a right angle at the tip 
so that only one fibre might be stimulated, or (c) the usual capillary 
electrode. 

I have been able to confirm the unusual appearance of the response 
to direct stimulation in the case where the cathode is parallel to the anode 
(type (a)). A somewhat similar result is also obtained when two wire 
point electrodes are used. Responses of this type are presumably similar 
to the graded contractions of Fischl and Kahn [1928], Gelfan [1930], 
and others. However, with a cathode of type (6), the responses are exactly 
like those obtained with the capillary electrode. I am unable to explain 
these differences in response with the different electrode systems. 
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The results of measurements with cathode (6) and (c) are very interest¬ 
ing. They are shown in Fig. 6. The lower set of curves is obtained with 
a chlorinated silver-point cathode, both for a nerve fibre and for a muscle 
fibre. The upper set is from subsequent measurements on the same ele¬ 
ments using a capillary cathode. The chronaxie of the muscle fibres 
stimulated with the wire electrode is about 2^1 a (0*52/iF). That of the 
nerve is about 0*1 a (0*026/LtF). With the capillary cathode the chron- 
axies of the same nerve and muscle fibres are about 0-12cr (0-03/xF) for 
the muscle fibre and 0*04a (0*01/xF) for the nerve. 

This result shows quite clearly why the values of the chronaxies 
quoted by Moore and Briicke are higher than those obtained with the 
capillary electrode. The increase is due to the larger size of the electrodes 
which they employ. The effect of electrode size upon the chronaxie of 
muscle is already well known from the data of Davis [1923] and of 
Watts [1924]. The present work, however, is the first to show that the 
chronaxie of nerve is affected in a similar manner. The amount of increase 
is smaller for nerve than it is for muscle, but nevertheless is appreciable. 
The ratio of the chronaxies with the two electrode systems is 1: 2*6 for 
the nerve fibre and about 1: 20 for the muscle fibre. 

Table I. Effect of raising tlie electrode above the muscle fibre. 


Threshold 

Chronaxie {fiF) 

Position of electrode 

130 

0005 

0003 

Touching membrane 

310 

0082 

0 083 

Raised 

480 

014 

0 13 

Raised 

r>oo 

013 

Raised 

200 

0085 

Lowered 

145 

0077 

Lowered 

130 

0078 

0077 

0074 

Lowered 

100 

0071 

0070 

Lowered 


The results of a somewhat similar experiment are shown in Table I. 
In these measurements the capillary electrode has been placed at dif¬ 
ferent heights above the membrane and the chronaxie has been deter¬ 
mined at each position of the electrode. As the electrode is raised above 
the membrane the area of the muscle fibre over which current is dis¬ 
tributed becomes greater. In this respect raising the electrode is identical 
with an increase in the size of stimulating electrode. Column 2 of 
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Table I shows that the chronaxie increases when the electrode is raised and 
decreases when it is again lowered. 

An adequate treatment of the physics of current distribution from a 
point electrode is beyond the scope of this work. It seems probable, 
however, that the change of chronaxie with electrode size can be accounted 
for by the resultant change in configuration of current distribution. 

The results just presented have a bearing upon the compound curves 
of Lucas and of Rushton and their relation to the composite curves of 
Figs. 4 and 5. Before discussing this subject, however, two further points 
are of interest. Moore and Briicke [1931] conclude, from their results, 
that the heterochronism which they found in the retrolingual membrane 
complex is not contradictory to Lapicque’s theory. This conclusion is 
based, in part, upon an argument from analogy. It has already been 
stated that the chronaxie of a nerve fibre varies inversely with the fibre 
diameter [Lapicque, 1926]. Moore and Briicke carry this datum over 
and apply it to muscle fibres. From this analogy they reason that hetero¬ 
chronism in the retrolingual membrane is due to the fact that the muscle 
fibres, in their experiments, are stimulated at the finely branched tips, 
where the chronaxie is presumed to be very large, while the nerve fibres 
are stimulated in the nerve trunk and therefore at their full diameter. 

Moore and Briicke further apply this argument to an explanation 
of the curves of Lucas and Rushton, Rushton [1932 r] has answered 
this explanation from a standpoint which assumes that Moore and 
Briicke have demonstrated the dependence of chronaxie upon the 
diameter of the muscle fibre in the region of the cathode. Let us examine, 
however, the data which Moore and Briicke produce. In stimulating 
the muscle fibres of the retrolingual membrane, these authors use two 
parallel silver wires. The cathode lies clear of the fibres and near their 
terminations. The anode is placed upon the tongue tissue. Stimulation 
is, therefore, always accomplished at the tips of the fibres. Now, Moore 
and Briicke find that the fibres having the finest terminal branches 
exhibit a larger chronaxie than do the fibres ending in blunt processes. 
This is the extent of their proof for the assumption that the chronaxie 
varies inversely with the diameter of the fibre at the locus of stimulation. 
Using both the pointed wire and the capillary electrodes as cathode I 
have searched along single muscle fibres to discover whether this pro¬ 
cedure, which is experimentally better suited to the purpose, produces a 
change in the chronaxie of the muscle fibre. In all the measurements 
which have been made, there is no change in the chronaxie until the very 
tips of the fibres are reached, although there is usually a tapering ofi in 
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the fibre diameter. Results of stimulation at the tip can be divided into 
three groups. In one group of fibres, no change in the chronaxie is ob¬ 
servable. In a second group, which is numerically the largest, it has not 
been possible to produce any response by excitation at the tip even though 
the stimuli are increased a hundredfold above the rheobase for stimu¬ 
lation in the body of the fibre. In a third group of muscle fibres the 
response to stimulation at the tip shows the curious long latent period 
reported by Moore and Briicke. This latent period is of the order of 
seconds and may well be due, as the above authors (following Hintner 
[1930]) believe, to a decrement in transmission of excitation. The threshold 
for this response is very irregular, changing as much as 50 p.c. Because 
of this, it is impossible to be certain of the chronaxie measurements. 
However, the chronaxie apparently increases, sometimes double or more. 


Table II. Variation of chronaxie in different muscle fibres 
when locus of stimulation is changed. 


Threshold 



Locus of 

potentiometer 

Chronaxie 


Fibre 

cathode 

scale 


Remarks 

I 

Body of fibre 

140(F=10) 

0 062--0 065 

Small fibre 


Tip of fibre 

185 

0058-0062 


II 

Body 

122(F = 65) 

0 068-0 069 

Fibre diameter about 


Tip 

(F=45) 


3 times that of I 



(No response at full strength) 


HI 

Body 

130(F = 10) 

006-0062 

Large fibre 


Tip 

370 (F=40) 

015 

Latent period of about 


2 sec. 


In Table II are shown sample results of measurements from each of 
these three different groups, made on three fibres from one preparation. 
No change in chronaxie was observed in the first fibre. The second fibre 
could not be stimulated at the tip, while there is an increase in the 
chronaxie of the third fibre from 0*06/LtF {0*24 ct) to 0-15^F (0-6 a), 
accompanied by a latent period of approximately 2 sec. 

These results show therefore that Moore and Briicke’s assumption, 
that the chronaxie of a single fibre depends upon the diameter of the fibre 
at the locus of stimulation, may be valid for some muscle fibres. How¬ 
ever, this assumption apparently cannot be used to explain the hetero- 
chronism foimd in the gross preparation, since the extremely long latent 
period exhibited in the response of these fibres to stimulation at the tip 
is not to be found in the measurements of Rushton [1931]. It is hardly 
necessary to remark that the explanation offered by Moore and Briicke 
does not apply at all to the present work. 
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A second type of experiment for testing this assumption of Moore 
and Briicke consists in determining the chronaxies of different fibres of 
various diameters in the same preparation. The diameters of the fibres 
in the retrolingual membrane vary from about 15/i to 60/^ or more. No 
relation has been found, however, between fibre diameter and chronaxie, 
such as is postulated by Moore and Briicke. On the contrary, it has 
been often found that large fibres may have chronaxies as much as four 



Fig. 6. Diagram of a nerve branch containing at least two fibres. This branch has been 
stimulated with a capillary electrode located at the various points to whuih reference 
lines have been drawn. Throughout the stimulation the response of one muscle fibre 
about 4-6 mm. distant was observed so that the chronaxies obtained along the branch 
represent those of a single nerve fibre. These values are shown in the figure and indicate 
that the chronaxie of a nerve fibre is not a fixed value but varies in a manner discussed 
in the text. 

times greater than the chronaxies of very small fibres. The attempt of 
Moore and Briicke to reconcile their chronaxiemetric results with the 
theory of isochronism therefore seems to me to be without adequate 
experimental justification. 

A further point to be discussed is in relation to the extremely small 
chronaxies which I have found for the nerve fibres. A possible explanation 
for this was pointed out to me by Prof. E. D. Adrian while he was a 
visitor at the Johnson Foundation. This explanation assumes that the 
small chronaxies are due to the fact that the single nerve fibres are being 
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stimulated in the membrane, where they are relatively free from con¬ 
nective tissue. It is in line with the results of Bishop [1928], who found 
that the chronaxie of a nerve trunk decreases when the sheath is removed. 
In agreement with this explanation I find that the chronaxie of a hypo¬ 
glossal nerve fibre is approximately doubled when it is stimulated at one 
of the branches which is sent out by the nerve trunk into the tongue. 

This change of chronaxie along the nerve fibre which seems to be 
related to the amount of inert connective tissue surrounding the fibre is 
perhaps illustrated more strikingly in the following experiment. The 
nerve branch which is shown diagrammatically in Fig. 6 has been stimu¬ 
lated at various locations indicated by reference lines in the figure. Near 
each line is also given the chronaxie found at this point. This nerve branch 
probably contained at least two fibres. However, all the measurements 
shown in this illustration have been obtained while observing throughout 
the response of one muscle fibre, and therefore represent the change in 
chronaxie which is found at various points along a single fibre. The 
muscle fibre itself had a chronaxie from 0-04/xF (0*16 (t) to 0*056fiF (0-22a), 
depending upon the proximity of the capillary electrode. It was 4-5 mm. 
distant from the region of the nerve stimulation. The nerve measure¬ 
ments were made with the electrode always as close as possible to the 
nerve. They show that in the thicker portion of the branch the nerve 
fibre had a chronaxie of 0-02/xF (0-08cr), while at the very thin region the 
chronaxie fell to 0-006/LtF (0-024cr). 

Discussion. 

The results described in this paper show that the ‘‘ law of isochronism 
is not valid for the retrolingual preparation. Since there is no reason to 
assume that this tissue is unique, we must arrive at the conclusion that 
the law holds no better for any other nerve-muscle complex. They also 
force, however, a re-examination of the meaning and value of the con¬ 
cept of chronaxie. A brief review of this nature will be made in the 
present section. 

Chronaxie, as a unit of time, seemed to Lapicque [1926] to possess 
many advantages. It was a quantity easily determined and formed the 
basis of a convenient description of the strength-duration curve. The 
concept of chronaxie led him to the various theoretical conclusions em¬ 
bodied in the law of isochronism and also to the idea that the chronaxie 
reflects closely such properties as velocity of propagation in nerve and in 
muscle. 
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It has become more evident, however, that the experimentally de¬ 
termined value of chronaxie depends on a number of factors. Davis 
[1923] showed that the chronaxie of muscle depends upon electrode size. 
His results were confirmed by Watts [1924]. In the present work this 
dependence upon electrode size has again been confirmed for muscle and 
has also been found for nerve. 

Lapicque [1931 6] has recently suggested that the experimentally 
measured quantity also changes with a change in the type of surrounding 
medium. This seems a very reasonable suggestion and is supported by his 
measurements. He assumes, however, that chronaxies determined when 
a preparation is covered with Ringer’s solution do not represent “true” 
chronaxie, while measurements made with a preparation which is only 
moistened with such a solution indicate “true” chronaxie. This classi¬ 
fication seems to me arbitrary and one which does nothing to advance 
the merits of chronaxie as a theoretical concept. 

Results given in this paper indicate that the chronaxie of nerve fibres, 
besides being determined by electrode size, is also largely influenced by 
the amount of connective or inert tissue around the nerve. These results 
present further difiiculties to the concept of chronaxie, since they show 
very clearly that the chronaxie cannot be considered as a unit of measure¬ 
ment independent of experimental conditions and of structural modifica¬ 
tions in the tissue. 

An examination of its definition discloses the probable causes for 
these changes which the value of chronaxie undergoes. The strength- 
duration curve is measured in terms of the liminal voltage or current 
which will excite when applied for any given duration. The chronaxie, r, 
is then expressed as the duration at which F, the stimulus strength, 
equals 2R; where R is the rheobasic strength. However, as Lapicque 
points out [1926, p. 234], it is not the current strength but the 
current density which is the effective measure of an electrical stimulus. 
The current density, p, is some function,/(F), of the strength, F. This 
function depends upon all the variables discussed so far, namely, the 
geometry of the electrode system, and the specific conductivity of the 
solution and of the various inert and excitable tissues which may be 
present. Conceivably, the area over which the current is spread upon the 
tissue is also a factor in determining a threshold stimulus. In such a case, 
the relative sizes of tissue and electrode will likewise influence the 
strength-duration curve. Bishop [1928] has discussed various other 
factors which may affect the precise form of the function/(F). It can, 
therefore, be readily appreciated that the strength-duration curve can 
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change its form whenever /(F) is changed, and the chronaxie, or r, at 
F — 2i? will also assume different values. It is therefore evident that it 
is impossible to speak of any single and unique chronaxie for a given 
muscle or nerve. Consequently the chronaxie can no longer be accepted 
as an adequate unit in the description of strength-duration curves or as 
a basis for theoretical discussions regarding the nature and course of the 
excitation process. 

We are now in a position to inquire into the possibility of bringing to¬ 
gether more closely the results obtained in the study of the single fibre 
nerve-muscle complex with those of Lucas and of Rushton on the 
gross preparation. With the presentation of Rushton’s latest analysis 
[1932, in press], it has become quite clear that the complex in the gross 
preparation is composed of two elements. These are the excitable sub¬ 
stances in nerve and muscle. The results just presented show clearly the 
same distinction between the excitable substances in nerve and muscle 
fibres. The time relations which are found for these substances are, how¬ 
ever, different in these two types of nerve-muscle preparations. For the 
muscle fibres this difference, as Rushton has already assumed, is due to 
the effect of electrode size found by Davis [1923]. Up to the present 
work, however, it has been assumed that the excitation time of nerve 
fibres is little affected by electrode size. Indeed, the y-curve definitely 
has [Rushton, 1932 c] an excitation time of the order of magnitude 
found for the nerve trunk. When single nerve fibres relatively free from 
connective tissue are stimulated however, it is found that the excita¬ 
tion time also depends on electrode size, and becomes very small with 
small electrodes. It is exceedingly likely, therefore, that the y-curve of 
gross preparations is a counterpart of the curve obtained for single fibres, 
but with the time relations, owing to the use of large electrodes, altered 
in the manner which has been discussed in the preceding pages. 


Conclusions. 

The measurements on the strength-duration relationship in the single 
fibre nerve-muscle complex yield direct evidence that: 

1. Lapicque’s law of isochronism is not valid, at least for the system 
in the retrolingual membrane. 

2. The view held by Lucas and by Rushton which assumes that 
different excitable substances are present in nerve and in muscle is in 
agreement with the results obtained from a study of the single fibre 
complex. 
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These two conclusions find experimental justification from the fol* 
lowing lines of evidence: 

(a) The voltage-capacity curves of muscle and nerve fibres are 
different in shape. 

{b) This difference can be manifested by the production of compound 
curves, which can be analysed directly into the two components obtained 
from stimulation of nerve and of muscle. 

(c) The chronaxie of nerve fibres is much smaller than is the chron- 
axie of muscle fibres. 

(d) Curarization does not affect the chronaxie or the strength-capacity 
curve of muscle fibres. 

The present work also yields experimental evidence that: 

3. The compound curves obtained in the gross preparations are 
strictly homologous with those obtained for single fibres. The difference 
in time relations in the two experimental procedures is brought about by 
two factors: 

(а) the excitation time of muscle fibres is increased with increased 
electrode size, and 

(б) the same effect exists, to a lesser degree, in nerve fibres. 

4. The chronaxie of nerve fibres decreases with a decrease in the con¬ 
nective tissue sheath. This conclusion is based on the fact that stimulation 
of the nerve fibre in the trunk or in a branch produces an increased 
chronaxie. 

6. Because the chronaxies of both muscle and nerve are dependent 
upon the electrode size while that of nerve also varies with the amount of 
connective tissue sheath, it seems legitimate to question the further use¬ 
fulness or significance of Lapicque’s concept of “chronaxie.’’ It no 
longer appears to have the feature of being a simplifying and generally 
applicable unit of time in the description of the strength-duration curve. 

6. Finally, it is concluded that the explanation offered by Moore 
and Briicke [1931] for the heterochronism which has been discovered in 
various nerve-muscle preparations does not seem to have any experi¬ 
mental justification. Their explanation assumes, from analogy with the 
results for nerve [Lapicque, 1926], that a large chronaxie in muscle is 
due to stimulation of the individual muscle fibres in a locus where the 
fibres have a small diameter. No such effect of fibre diameter upon 
chronaxie has been found, except in the case where the response to direct 
stimulation of the tip exhibits a latent period of the order of seconds. 
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Summary. 

The present investigation is concerned with the determination of the 
relation between the intensity of an electrical stimulus and the minimum 
duration for which it must be applied in order to stimulate single nerve 
and muscle fibres. It was undertaken with the purpose of testing the 
merits of the confiicting views of Lapicque [1926] and of Lucas [1907] 
and Rushton [1930,1931,1932 a]. The preparation used for this purpose 
has been the single fibre nerve-muscle complex of the retrolingual mem¬ 
brane of the frog R. pipiens. 

The conclusions reached from the results of this investigation are 
stated in the previous section. 

I wish to thank Prof. D. W. Bronk, director of the Johnson Founda¬ 
tion, for his kindness and help during the course of this work. I am also 
greatly indebted to Dr W. A. H. Rushton for the stimulation and aid 
which he generously bestowed during his residence at the Johnson 
Foundation. 
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THE EFFECT OF FATIGUE ON END-PLATE DELAY. 
By W. G. WALTER!. 

{From the Physiological Lahoratory, Cambridge.) 

Introduction. 

The classical experiment to demonstrate the nature of the failure of 
indirect excitation in fatigue is to stimulate the nerve of a muscle-nerve 
preparation until the muscle ceases to give a contraction, and then to 
show that a response may still be evoked by direct stimulation. From 
this result it is argued that, since the fatigue is not due to any change 
in the nerve (which can be shown to be conducting normally), nor to 
any obvious alteration in the muscle itself, it is necessary to postulate 
an intermediary tissue, functionally distinct from nerve and muscle, 
which has the property of transforming the energy of the nerve impulse 
into a stimulus for the muscle, and which is particularly susceptible 
to fatigue. 

The conception of the separateness of the junctional tissue derives con¬ 
siderable support from the well-known experiments of Claude Bernard 
on curarization and from the detailed investigation of Langley [1907], 
who put forward the hypothesis that the intermediary is specially sensi¬ 
tive to such influences as nicotine and curare. Further evidence was 
supplied by Keith Lucas [1907] from experiments on the time relations 
of excitability of frogs’ sartorius muscles. Lucas found that, if the point 
of stimulation is in the region of the muscle where the nerve enters, the 
strength-duration curve generally exhibited one or two breaks which he 
explained as being the result of stimulating at a point where the exci¬ 
tatory process could influence both nerve and muscle: in that part of 
the muscle where no nerve endings could be seen, a smooth curve was 
always obtained. The slowest curve he regarded as being derived from 
excitation of the muscle; the middle one, which was abolished by curare, 
he attributed to nerve; and the fastest of all, which was not affected by 
small doses of curare, he tentatively suggested might be regarded as 

^ Harold Fry Student and Scholar of King’s Collie, Cambridge. 
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characteristic of the neuro-muscular junction. This interpretation has 
not, however, been generally accepted. 

It has been known for a long time that, in the indirect stimulation of 
muscle, the time which elapses between the moment of stimulating the 
nerve and the appearance of the muscle-action potential is longer than 
can be accounted for by conduction in the nerve, unless, as Lapicque 
and others have suggested, the rate of conduction in the terminal 
branches is slower than in the nerve trunk where it can be measured. 
As these branches are generally smaller than the fibres in the trunk, it 
is quite probable that they conduct more slowly, though this does not 
necessarily follow, since the experiments of Gasser and Erlanger 
[1926], which might seem to suggest this conclusion, were concerned 
with the rates of conduction in fibres of different function. 

This delay in the transmission of excitation from nerve to muscle 
has been investigated by Forbes, Ray and Griffith [1923]. They 
found that if two stimuli are sent in to a motor nerve with only about 
4 <t between them, the second stimulus sets up an impulse which is 
delayed a relatively long time at the myoneural junction. The interpre¬ 
tation of these results which is given by Forbes, Ray and Griffith 
is that, at the junction of the nerve with the muscle, the excitatory 
condition due to the second stimulus may persist until the threshold of 
the muscle, raised by the first response, has fallen sufficiently to allow 
the second impulse to take effect. This explanation involves the assump¬ 
tion that the effective portion of the nerve impulse lasts as long as 5a, 
a duration considerably greater than that usually accepted for frog’s 
nerve at 20° C. Alternatively, the delay may be attributed to a separate 
substance which is able to remain in the excitatory state for a longer 
period than nerve. A means of avoiding both these assumptions will be 
suggested later. 

The delay observed even in the transmission of a single impulse was 
attributed to a separate substance by Wieser [1915], who investigated 
the effect upon it of fatigue. Wieser’s measurements were of the latent 
period between the stimulation of a motor nerve and the appearance of 
the muscle-action potential. He found that after a nerve-muscle pre¬ 
paration had been fatigued by tetanization, the latent period was often 
increased by as much as 100 p.c. Samojlov [1925] improved upon 
Wieser’s technique by placing one lead of a string galvanometer on 
the nerve of a sciatic-gastrocnemius preparation at the point where it 
enters the muscle, and the other lead on the tendon of the muscle. In 
this way he avoided the possibility of error due to changes in the rate 
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of conduction in the nerve. He measured the effect of changes of 
temperature upon the delay, and from his results calculated the very 
high of 2*0 to 2-6, a value much greater than that obtained by 
Fulton, in whose book [Fulton, 1926] the whole subject is treated 
in detail. Samojlov deduced from his figures that transmission in the 
motor end-plate is ‘‘more chemioar’ than in either nerve or muscle. 
The temperature coefiicients of biological systems cannot, however, be 
considered as affording very exact evidence as to the nature of those 
systems. 

Method. 

The purpose for which this work was undertaken was to discover 
if curare had any effect on the delay as measured by Samojlov. The 



Fi^. 1. Arrangement of electrodes on sciatic-gastrocnemius preparation. 


arrangement of electrodes was as in Fig. 1. Since the string galvano¬ 
meter cannot give accurate records of currents of short duration, a 
thermionic amplifier and Matthews’ oscillograph were substituted. 
These were worked with a specially constructed rotating mirror camera 
of the type described by Matthews [1929]. With this it was possible to 
take records at any speed up to 5 m. per sec. Calibration photographs 
were taken at the beginning and end of each experiment. Stimuli were 
given by a coreless induction coil, in the primary circuit of which was 
a contact breaker operated by a cam on the driving shaft of the camera. 
Just maximal shocks were used throughout. The number of stimuli 
given to the tissue per second varied with the camera speed. In the 
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case of Figs. 4 and 6 stimulation was at the rate of six per second, in 
Figs. 6 and 7 at two per second. It was not found that the rate of 
stimulation affected the results. The contraction of the muscle was 
isometric. All the preparations were made from Rana temporaria in the 
winter, and the temperature was kept constant at about 15° C. during 
each experiment. It did not vary by more than two degrees from 
experiment to experiment. 

The first preparation to be used was the ordinary sciatic-gastro- 
cnemius. It was soon clear, however, that no accurate or reproducible 
results could be obtained with this muscle, owing to the complex 
character of the action potential, and to great variability in its point 



of origin. This result was perhaps to be expected from the anatomical 
arrangement of the fibres. Generally a point just above the belly of the 
muscle was the first to become active, but often, as the muscle became 
fatigued, the point would shift, sometimes to such an extent that the 
sense of the action potential would be reversed, indicating that the first 
point to become active was nearer the grid electrode on the tendon. 
Nearly always a pol 5 T)hasic action potential appeared in the course of 
fatigue. It was therefore decided to use the sartorius muscle and its nerve 
(Fig. 2). Electrodes 1, 2 and 3 and the stimulating electrodes A and 
B were made of silver wire 1*25 mm. in diameter coated electrolytically 
with silver chloride and fixed to ball and socket holders. The grid electrode 
was of the wick type. Usually the tendon end of the muscle was crushed 
in order to obtain monophasic action potentials and to increase their 
amplitude when the leading-off electrodes were close together. It was 
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not found that this treatment was detrimental to the tissue. The muscle 
was suspended in air and frequently irrigated. 

When the preparation was first set up after equilibration in oxy- 
genated^Ringer’s solution for 1 hour, a photograph (Fig. 3 a), was quickly 



Fig. 3. Action potentials from fresh lireparation. Time marker gives 180 d.v./s. 
a, leads I Q;bf leads 2 Q, Stimulation at A (Fig. 2). 




Fig. 4. Action potentials from fresh preparation, using lower amplification. Time marker 
gives 180 d.v./s. Leads 1 0, Stimulation at A (Fig. 2). 

taken with leads 1 G (Fig. 2), closely followed (Fig. 3 6) by one with 
leads 2 G. Fig. 4 was taken at a lower speed and with lower amplification. 
The muscle-action potential, M, is simple in character and is preceded 
by the nerve-action potential, N, and the stimulus escape, S, It will be 
seen that in Fig. 3 a the distance S-M is slightly less than in Fig. 3 6. 
The probable reason for this is that in the sartorius preparation the 
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electrode 2 is on the side of the muscle opposite to the point of entry of 
the nerve: the fibres under it will receive the nervous stimulus slightly 
later than those connected by the nerve itself to electrode 1. In the 
gastrocnemius preparation, on the other hand, the point at which the 
nerve comes into contact with the muscle is not that at which the muscle 
is first excited. This explains Samojlov*s results in which records ob¬ 
tained with either leads 2 6r or 3 6? (Fig. 1) gave a shorter duration S-M 
than those obtained with leads 1 Q, 


1 r 

MU ■v . . ■ 




Fig. 5. Same preparation as Fig. 3 after stimulating for 3 min. at six stimuli jier second. 
Amplification and time marker as in Fig. 3. a, leads \ 0; b, leads 2 0, Stimulation 
at A (Fig. 2). 


It was then intended, as stated, to poison the muscle with curare; in 
the preliminary experiments, however, in which the apparatus was being 
adjusted and the preparation was unavoidably becoming fatigued, ob¬ 
servation did not seem to verify Wieser’s results. Attention was ac¬ 
cordingly directed to this problem. The preparation was fatigued by 
indirect stimulation at the rate of six stimuli per second, the changes in 
the action potentials being meanwhile observed on the viewing screen. 
When the muscle action potential as seen on the screen had shrunk to 
one-tenth of its original amplitude, two photographs (Fig. 5) were taken 
as before. At this stage the contraction of the muscle was barely per¬ 
ceptible. 
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Results, 

From a comparison of the second pair of photographs with those 
from the preparation when fresh, it is evident that there is no detectable 
increase in the distance N-M as measured from the beginning of the 
nerve-action potential to the beginning of the muscle-action potential. 
This result was obtained on all sartorius preparations. 

Further experiments with the gastrocnemius showed that results 
similar to Wieser’s could be obtained with this muscle when the elec¬ 
trodes were suitably placed. With electrodes \ 0 on 2 G (Fig. 1), the delay 



Fig. 6. Muscle action potentials from fresh preparation. Time marker gives 180 d.v./s. 
a, loads 3 0\ b, leads 2 O. Stimulation at B (Fig. 2). Conduction rate l-S m, per sec. 

in the fresh preparation was found to be greater than with the corre¬ 
sponding leads on the sartorius preparation. Further, this delay in¬ 
creased in fatigue by as much as 60 p.c. On the other hand, in some 
preparations, leading ofE from lead 3 quite close to lead G gave results 
similar to those obtained with the sartorius. It was suspected that these 
inconsistencies might be traced to changes in the rate of conduction in 
the muscle itself, for the nearer the proximal lead was to the point of 
first activity of the muscle, the less was the discrepancy between gastro¬ 
cnemius and sartorius. The difficulty with gastrocnemius was, as has 
been mentioned, that the point of first activity often shifted in the 
course of an experiment. 

A sartorius preparation was then stimulated directly through the 
leads B (Fig. 2), and a pair of photographs (Fig. 6 a and 6) taken with 
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leads 3 0 and 2 0 respectively. In this way it was possible to avoid any 
error due to the spread of the stimulating current. The rate of conduc¬ 
tion from lead 3 to lead 2 was measured by subtracting the distance 
8-M 3 from S-M 2 (Fig. 6). The muscle was slowly fatigued and photo¬ 
graphs (Pig. 7) were taken when the action potentials were one-tenth 
their original size. In the case of the preparation from which Figs. 
6 and 7 were taken, the rate of conduction when fresh was 1'6 m. per sec., 
and dropped in fatigue to 0-9 m. per sec. This agrees well with Wieser’s 
experiments, in which the delay, which he thought due to the end-plate, 
was about 60 p.c. greater in the fatigued preparation than in the fresh one. 



Fig. 7. Same preparation as Fig. 6 after stimulating for 5 min. at two stimuli per second. 

Amplification twice that in Fig. 6. Time marker gives 180 d.v./s. a, leads 3(7; 

6, leads 2 0. Stimulation at B (Fig. 2). Conduction rate 0-9 m. per sec. 

The experiments on indirect stimulation were repeated with varying 
positions of lead 2 (Fig. 2). It was found that the delay increased as 
the lead was moved farther toward the pelvis away from the region of 
the muscle where nerve endings are found, and that the longer the delay 
was, the more it was afEected by fatigue. 

There can be little doubt that the delay measured by Wieser, 
Samojlov and others was the sum of the true delay and the muscle 
conduction time, though Wieser, at least, thought that he had made 
adequate control experiments. The changes observed in fatigue must 
similarly have been changes in the muscle itself. 
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Discussion. 

The results of Forbes, Ray and Griffith in connection with the 
long delay experienced by a second impulse given to a motor nerve may 
be easily explained if it be supposed that in their experiments also the 
muscle conduction time was included in measurements of the delay. 
As the second impulse would stimulate the muscle in its relative re¬ 
fractory period, the muscular impulse would be conducted more slowly 
to the leading-o£E electrodes, thus causing an apparent delay in the 
appearance of the muscle-action current. 

The constancy of the end-plate delay in fatigue weakens the case for 
the existence of the hypothetical intermediary substance; further doubt 
is cast upon its reality by consideration of the actual value of the delay. 
From Fig. 4 a it is seen that the distance N-M corresponds to a time 
of about 3(7, and this figure has been checked by observation of many 
preparations, both photographically and by measurement on the viewing 
screen. Now it is difficult in the sartorius-nerve preparation to bare the 
nerve right up to its point of entry into the muscle, so that in most cases 
the distance from lead 1 to the point inside the muscle where it may be 
presumed excitation occurs was generally about 1*5 cm. In the case of 
the preparation from which Fig. 4 was taken, the rate of conduction in 
the nerve was measured by leading off action potentials from two places, 
as for the muscle, and was found to be 15 m. per sec. The distance of 
1*5 cm. between lead 1 and the point of action of the nerve would there¬ 
fore be traversed in about 1-Ocr; this time may be subtracted from the 
delay observed. The remainder, 2a, may be divided into two parts: the 
first due to the latent period and conduction time of the muscle, and 
the second to some process yet to be accounted for. The amount due to 
conduction in the muscle must be small, since the increase in conduction 
time which has been shown to occur in fatigue would lead to the detection 
of a delay due to this source if it were greater than 0*25cr. Consideration 
of the latent period of the muscle raises the question as to what is the 
effective stimulus for the muscle. If, as Lapicque, for example, be¬ 
lieves, the stimulus is merely the current due to the nerve-action potential 
change, it is unlikely that the moment at which the action current sets 
up a muscular impulse will occur sooner than the end of the rising phase 
of the action potential. In Fig. 4 the action potential of the nerve is 
diphasic, and the rising phase is curtailed for this reason: monophasic 
recording from the same nerve showed that the actual duration of the 
rising phase was approximately 1*2a. This time may therefore be sub- 
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tracted from the delay, leaving 0-6a unaccounted for. Apart from the 
possibility that there is a delay associated with a separate intermediate 
substance—a possibility not ruled out by these experiments—^there are 
two alternative explanations of the small delay remaining. Either a 
slower conduction rate may be postulated for the terminal branches 
[Fulton, 1926], or it may be that the utilization time by the muscle 
of the nerve-action current is longer than l-2o-. There is nothing to show 
which of these explanations is the true one, nor are they mutually in¬ 
compatible. The question is discussed in some detail by Forbes, Ray 
and Griffith [1923, pp. 603-9]. 

The conclusion to be drawn from these results is that, if there is an 
intermediary substance, any function which it may be shown to have 
must be such as can be performed in a very short space of time. This 
renders unlikely the existence of a ‘‘receptive substance,’’ and it would 
seem more satisfactory, therefore, to attempt to explain fatigue on the 
basis of changes which are known to occur in muscle, rather than on 
the assumption of changes which cannot be observed in a hypothetical 
substance. 

The effect of curare, both upon indirect excitation as measured in 
these experiments, and upon the characteristics of the muscle response 
evoked by direct stimulation, should throw light on this problem. 

Summary. 

1. Measurements have been made of the delay in the transmission 
of activity from nerve to muscle by leading off the electrical changes in 
both to an amplifier and Matthews oscillograph. 

2. Fatigue causes no increase in the delay when a sartorius-nerve 
preparation is used. 

3. Observation of the changes in muscle conduction rate resulting 
from fatigue indicate that the changes hitherto attributed to an inter¬ 
mediary substance were changes in the characteristics of the muscle. 

4. Values for the delay derived from experiments on the sciatic- 
gastrocnemius preparation are too high, being the sum of the true delay 
and the conduction time in the muscle. 

5. In winter specimens of Rana temporaria at 15° C., the delay is 
never more than 2-0<j. Under these conditions the rate of conduction 
in the nerve is 15 m. per sec. 

6. It is suggested that there is no need to postulate either a slower 
conduction rate in the terminal nerve fibres or the existence of a separate 
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BubBtance in order to account for the delay, which iB less than the dura¬ 
tion of the nerve action potential. 

It iB a pleasure to record my deep gratitude to Mr Matthews for 
his advice and instruction and to Dr Bushton for his helpful criticism. 
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THE REGULATION OF THE PYLORIC SPHINCTER. 
By B. a. McSWINEY and L. N. PYRAH. 

{From the Department of Physiology^ The University of Leeds.) 

Considerable discussion has taken place as to the mechanism regulating 
the opening and closing of the pyloric sphincter since Cannon in 1907 
enunciated his theory of the acid and alkali control. Unfortunately, as 
Alvarez [1928 a] points out, commentators have not infrequently 
quoted incorrectly and, further, have failed to note that Cannon had 
seen defects in his theory, as in certain conditions it did not explain all 
the facts. 

An excellent summary of the literature on the control of the pylorus 
is given by Alvarez. In most of the investigations described, attention 
has been directed to the consistency or reaction of the foodstuff, and 
little or no regard has been paid to the analysis of the movements of 
the pyloric antrum and sphincter. Wheelon and Thomas [1920,1922], 
however, have studied the relation between the sphincter and antral 
contractions in dogs by means of an enterograph introduced into the 
antrum. These observers show that the pyloric sphincter has cycles of 
rhythmic motility and that these cycles are coincident and of the same 
duration and rhythm as those of the antrum proper. “A phase of inhi* 
bition (maximal relaxation) manifests itself during the height of antral 
contraction. Following this, and while the antrum is finishing its con¬ 
traction, the sphincter begins its positive phase and reaches the height 
of its contraction when the antrum is rapidly relaxing or has relaxed. 
Following this, the sphincter relaxes.” They further suggest that the 
sphincter may act not only in relation to the antrum to aid in the 
propulsion of material from the stomach, but also as a barrier to the 
regression of chyme during the presence of a positive phase of the 
duodenum. 

The co-ordination which exists between the movements of the antrum 
and the pyloric sphincter and the part played by the sphincter in regu¬ 
lating the passage of fluid may be studied by using the preparation 
described by McCrea and McSwiney [1926]. It has been possible to 
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separate the antrum from the body of the stomach without interference 
with the nerve or blood supply and to record simultaneously the con¬ 
tractions of the antrum and the amount of fluid flowing through the 
sphincter. The method has distinct advantages, as there is no disturbance 
of the pyloric sphincter. 

Method. 

Dogs have been used in these experiments. The animal was first 
anaesthetized with ether, sustained anaesthesia being obtained by intra¬ 
venous chloralose (0-075 g. per kg.). A second injection was occasionally 
necessary some 2-4 hours later. The abdomen was opened through a 
mid-line incision, and the body of the stomach separated* from the 
pyloric antrum. The distal end of the body was then closed by a running 
Czerny-Lembert suture. A wide-bore cannula was inserted and tied 
into the antrum. Alternatively, a ligature may be passed through the 
greater and lesser omentum close to the curvatures of the stomach at 
the incisura, and tied tightly round the junction of the antrum and the 
body; a small opening is made into the antrum near to the point of 
ligature, and a cannula inserted and securely tied. 

A method suggested by Babkin [1931] was used in several of the 
earlier experiments. In the region of the incisura a longitudinal incision 
1 in. long was made through the seromuscular coat to the mucosa midway 
between the greater and lesser curvatures, and a tube of mucous mem¬ 
brane was separated from the seromuscular coat. A cannula was in¬ 
serted into the tube which was then tied off. 

The duodenum was divided transversely IJ in. from the pylorus. 
A wide cannula was tied into the proximal end, 1 in. distal to the pylorus. 
Rubber tubing connected the cannula with a U-tube manometer. The 
fluid, escaping from the antrum, flowed into one limb of the manometer, 
and was recorded on the kymograph by the movement of the waterfloat; 
the level of the fluid in the manometer may be lowered after a series of 
contractions to its resting level. 

An interval of approximately 30-60 min. was allowed to elapse after 
the operation; the cannula in the antrum was then attached to the tube 
leading from a reservoir supported 2 ft. above the level of the antrum. 
A valve was placed at the lower end of the tube, and this allowed fluid 
to flow into the antrum only during the relaxation phase. A tube, 
attached to a tambour for recording antral contractions, was connected 
to the inflow tube below the valve. 

The tap of the reservoir was opened, and the rate of inflow was varied 
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by inserting capillary tubes of different calibres into the rubber cork of 
the reservoir. The reservoir is placed at a height above the animal to 
ensure ‘Miastolic*’ filling. The pressure was never sufficient to open the 
sphincter, which is able to resist comparatively high pressures. The 
pressure of the fluid does not therefore determine the rate of escape of 
fluid from the antrum, but merely ensures adequate filling. 

Experimental results. 

Simultaneous records of the contraction of the antrum and the 
amount of fluid flowing through the sphincter were first obtained using 
0*9 p.c. sodium chloride solution as the inflow fluid. Slight movements 
are observed even before fluid fills the antrum, but well-marked con¬ 
tractions do not occur until the antrum is distended [Ducchesi, 1913]. 
The amplitude of contractions varied in different animals, but the height 
of the contraction wave was remarkably constant in the same animal 
for any given rate of inflow. The height of contraction was found to vary 
with the inflow, and, if the rate of inflow was increased, the amplitude 
of contraction increased. The form of the antral contraction was ob¬ 
served to be constar^t, and consisted of an even ascent and descent of 
the curve, except for a concavity*on the rising limb which marks the 
opening of the pyloric sphincter. Small superimposed respiratory waves 
are usually present. A large contraction occurring in a series of regular 
waves was generally preceded by a longer period of diastole. The fre¬ 
quency of contraction remained remarkably constant throughout the 
experiment, and little or no change was observed on altering the inflow. 

The saline solution was expelled from the antrum through the 
sphincter in spurts or jets which synchronized with the antral contrac¬ 
tions. The outflow of fluid from the antrum was recorded, and, as fluid 
only escaped during the antral systole, a step-like tracing was obtained. 
If fluid enters the antrum too rapidly, or if, owing to the bad condition 
of the animal, the sphincter is not able to hold back the fluid, the tracing 
illustrating the outflow becomes a continuous rising line. The state of 
the pyloric sphincter is therefore indicated by the type of outflow cur\ e. 

It has previously been observed that the height of the antral con¬ 
traction varies with diastolic filling. In the same way, the amount of 
saline solution expelled with each contraction varies with the inflow. 
With a constant rate of inflow, the amounts expelled at each contraction 
vary slightly from one another, but increase in inflow causes a greater 
antral contraction with a corresponding increase of outflow. 


PH. lxxvi. 
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Table I. 

Height of Frequency of Average 

contractions contractions outflow per 

(antrum) (antrum) contraction 

Inflow cm. ]^r 3 min. o.c. 

Small 2-3-3-2 12 4-8 

Medium 2*4-4 14 7*7 

Large 2*6-6*5 16 8*9 



Y\%. Tracing to show relation between (F) contraction of pyloric antrum and (0) out¬ 
flow of saline through the pyloric sphincter. Time interval I sec. 

The size of autral contraction is not, however, the only factor regu¬ 
lating the outflow, as not infrequently a larger amount of fluid is ex¬ 
pelled with a small contraction than with a large contraction. It would 
appear, therefore, that the amount of outflow with a constant inflow 
depends on (a) the contraction of the pyloric antrum, and (b) the re¬ 
laxation of the pyloric sphinc.ter. It is clear that the extent and duration 
of the relaxation period of the sphincter must be the principal factor 
determining the outflow. 

Tracings illustrating the relation between the movements of the 
antrum and the pyloric sphincter (Fig. 1) have been obtained. The time 
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intervals will, of course, vary in each experiment according to the fre¬ 
quency of contraction and other factors. 

In Table II a series of measurements obtained with saline is recorded. 
It will be observed that the outflow commenced some 2-4 sec. after the 


Table II. Saline, constant inflow. 



Height of 

Amount 

Time 

Contraction 

(antrum) 

Interval 

between 

contraction 


contraction 

(antrum) 

of 

outflow 

of 

outflow 

Ascending 

Descending 

and 

outflow 


era. 

c.c. 

sec. 

sec. 

sec. 

sec. 

Dog 1 

6-3 

4 

5 

8-5 

7 

2-5 


6-3 

4-4 

6 

10 

7-5 

3-6 

Dog 2 

3-7 

1-2 

5 

9 

8 

3-6 

4-6 

2-4 

8 

12 

6 

3 

Dog 3 

3-2 

3 

3-5 

4 

4*5 

3 

21 

3 

2 

4*25 

6 

4 

Dog 4 

4*5 

2-8 

4 

8-75 

5 

3*75 

3-7 

2-8 

4 

7-75 

4 

3 


onset of the contraction of the pyloric antrum. The outflow usually 
lasted for some 4-6 sec. and ceased before the antrum relaxed. It may, 
therefore, be stated that the pyloric sphincter relaxes for a period of 
approximately 4-6 sec. during the period of antral contraction. It must 
be emphasized that in all our experiments the sphincter remained con¬ 
tracted except for short periods of the antral cycle. The measurements 
given in Table II are not strictly accurate, as a lag occurs between 
the contraction of the antrum and the reception of fluid in the 
manometer. 

A series of experiments has been made on the effects of various fluids 
upon the activity of the sphincter pylori. It is usually stated that fats 
leave the stomach at a slower rate than proteins, and again that solid 
and semi-solid foods empty less quickly than liquid. Considerable varia¬ 
tion in the rate of outflow of liquids from the stomach is further described. 
Acid fluids empty at a slower rate than neutral solutions, and alkaline 
solutions empty at a rate which is between that of acids and neutral 
solutions [Alvarez, 1928 6]. 

To determine whether acid, alkali, salt, organic acid or viscous solu¬ 
tions influence the state of the pyloric sphincter, the passage of the 
following fluids through the pyloric antrum was investigated. 

I. Sodium chloride, 0-9 p.c.; sodium chloride, 25 p.c.; distilled water; 
glucose, 25 p.c.; hydrochloric acid, 0'18 p.c. in normal saline; sodium 
bicarbonate, 0*25 p.c. in normal saline. 


^——2 
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II. Olive oil; gum acacia, 10 p.c. and 26 p.c. in normal saline. 

III. Organic acids, 2 p.c. solutions; lactic, malic, succinic, tartaric 
and caproic acids. 



Fig. 2. Tracing to show relation between (P) contraction of pyloric antrum and (0) out¬ 
flow of fluid through the pyloric sphincter. A, saline; B, alkali; C, acid. Time intenral 
30 sec. 


The contractions of the pyloric antrum and the outflow of fluid 
through the sphincter were first recorded, using 0*9 p.c. sodium chloride 
solution. At the end of this initial experiment the inflow fluid was 
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changed over, and comparable tracings were taken with one of the test 
solutions. Each preparation was used to test three or four solutions. 



Height of 

Amount 

Table III. 

Time 

Contraction 

(antrum) 

Interval 

between 

contraction 

Fluid 

contraction 

(antrum) 

of 

outflow 

of 

outflow 

/ 

Ascending 

^. 

Descending 

and 

outflow 

cm. 

c.c. 

sec. 

sec. 

sec. 

sec. 

Saline 

63 

4 

6 

8-5 

7 

2*6 

Saline 

0-3 

4.4 

6 

10 

7-5 

3-5 

Alkali 

4.4 

6 

6 

10 

6 

2 

AlkaH 

6-7 

5 

6 

13 

7 

4 

Acid 

6*6 

4-8 

6 

12*6 

6-6 

4-5 

Acid 

41 

6*4 

7*6 

12 

5 

4-5 


Two readings are given for each fluid, the flrst set of readings being taken shortly 
after the start, and the second towards the end of the experiment. The inflow was constant 
throughout. 

The results obtained with the fluids of Groups I, II, III were in no 
way diflterent from those obtained with saline. Records and measure¬ 
ments made using saline, alkali and acid are given in Fig. 2 and Tables 
III and IV. The base line of the antral contractions remained remarkably 
constant, demonstrating that there was no appreciable change of tonus. 
When the inflow fluid is first changed over, the antral contractions and 
the outflow curve occasionally become irregular for a short interval. The 
preparation, however, soon settles down, and regular records are obtained. 


Table IV. 


Fluid 

Average height 
of contraction 
(antrum) 
cm. 

Frequency of 
contraction 
(antrum) 

]^r 3 min. 

Average 

outflow 

c.c. 

Saline 

6*9 

4 

4*3 

Saline 

6-7 

4 

3*8 

Alkali 

7 

5 

3*1 

Alkali 

6*8 

5 

4*6 

Acid 

6*6 

6 

4*8 

Acid 

7-2 

6 

4*3 


Two readings are also given in this table for comparison as in Table III. The inflow 
was constant. 

The regular step-like character of the outflow showed that the 
sphincter remained closed between the systoles of the antrum. If the 
rates of inflow were increased, a greater amount oi^fluid, as has been 
previously pointed out, was ejected at each contraction. With high rates 
of inflow, the step-like character of the outflow curve was lost, indicating 
that the outflow continued, though usually at a diminished rate during 
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the diastole of the antrum. With viscid solutions, the outflow curve, as 
might be expected, was not as clean cut as for other solutions. 

It must be emphasized that in no instance was the passage of fluid 
from the antrum to the intestine influenced by the type of solution. In 
some experiments, however, an increase in the frequency of antral con¬ 
tractions was recorded with the different inflow fluids. 

Discussion. 

By the use of the isolated pyloric antrum preparation with intact 
nerve and blood supply, as described in this paper, it is possible to demon¬ 
strate that the movements of the pyloric antrum and pyloric sphincter 
are related. Criticism may be advanced that by the introduction of a 
valve between the reservoir and pyloric antrum, the condition of the 
antrum becomes abnormal. In preliminary experiments the valve was 
omitted, and results similar in all details were obtained, but the amount 
of fluid ejected from the antrum with each contraction varied con¬ 
siderably. It will be realized that in the normal stomach as digestion 
proceeds, the stomach becomes more tubular and the prepyloric sphincter 
is definitely formed [Cathcart, 1911]. Indeed, with a barium meal it 
is possible to see the antrum full of barium apparently completely sepa¬ 
rated from the remainder of the stomach. The valve was therefore 
introduced to imitate the effects produced by the prepyloric sphincter. 

We are able to confirm the previous observations of Wheelon and 
Thomas [1920, 1922] that the movements of the antrum and sphincter 
a.re related, but we disagree with the statement that while the antrum 
is finishing its contraction, the sphincter begins its positive phase and 
reaches the height of its contraction when the antrum is rapidly relaxing 
or is relaxed. 

Our results show that the pyloric sphincter is normally contracted, 
as can be seen from the step-like form of the outflow record. Following 
the contraction of the antrum, the sphincter relaxes and returns to its 
state of contraction in some 6~6 sec. The relationship between the con¬ 
traction and relaxation of the sphincter depends mainly on the rate of 
antral contraction. According, however, to Wheelon and Thomas, 
the sphincter is usually relaxed and only contracts for a period following 
the antral contraction to act as a barrier to the regression of chyme 
during the presence of a positive phase of the duodenum. It is extremely 
difficult to see how the stomach could hold fluid if the normal state of 
the sphincter were relaxation. The rhythmic contractions of the pyloric 
sphincter recorded by Wheelon and Thomas are, in our opinion, due 



REGULATION OF THE PYLORIC SPHINCTER. 135 


at least in part to the stretching of the muscle fibres by the insertion of 
a balloon. For in the animal, as in isolated preparations, stretching of 
the muscle fibres acts as a stimulus for rhythmic contractions. 

It has also been possible to demonstrate that the different solutions 
employed have little or no influence upon the pyloric sphincter when 
allowed to flow into the antrum. It has been pointed out that acid 
solutions are stated to empty at a slower rate than neutral and alkaline 
solutions at a rate between acid and neutral solutions. Again, Carnot 
and Chassevant [1906] have shown that the rate of emptying of hyper- 
and hypotonic solutions of glucose increased as the solutions approached 
isotonicity. Magee and Reid [1931] and McSwiney and Spurrell 



Fig. 3. Diagram to illustrate the relation between (P) contraction of the pyloric antrum, 
and {S) the relaxation of the pyloric sphincter. 

[1932] have also suggested that osmotic pressure of the stomach contents 
may prove to be an important factor in regulating the emptying of the 
stomach. As the pyloric antrum and the sphincter are, according to 
our experiments, insensitive to factors which other authors state either 
increase or decrease the emptying time of the whole stomach, it follows 
that the body of the stomach must react by increase or decrease of tone 
according to the fluid or foodstuff it holds. 

It is interesting to note the similarity which exists in some respects 
between the pyloric antrum and the right or left ventricle, as is evidenced 
by the rhythmicity of the antral contraction, the wiation in height of 
contraction with diastolic filling, and the increase in outflow with corre¬ 
sponding increase in inflow. On the other hand, variation in inflow 
causes little or no change in the frequency of contraction. 
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Stjhjubt. 

Experiments are described in this paper which demonstrate the re¬ 
lationship between the movements of the pyloric antrum and sphincter 
in regulating the passage of fluid from the stomach to the duodenum. 
The fluid was expelled from the antrum through the sphincter in spurts 
which synchronized with the antral contraction. 

The sphincter, as judged by the outflow from the pyloric antrum, is 
normally contracted, and relaxes some 2-4 sec. after onset of the antral 
contraction for a period of some 6 sec. Acids, alkalis, hypo- and hyper¬ 
tonic solutions and solutions of different organic acids have little or no 
influence on the pyloric sphincter when allowed to flow into the antrum. 
The height of antral contraction and the outflow of the antral contents 
were found to vary with the inflow. 

The expenses of this investigation have been defrayed in part by a grant from the 
Government Grant Committee of the Royal Society. 
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FACTORS INFLUENCING THE ACTIONS OF CORPUS 
LUTEUM EXTRACTS ON THE RABBIT’S UTERUS. 

By R. E. ILLINGWORTH and J. M. ROBSON. 

{From the Macaulay Laboratory^ Institute of Animal 
Genetics, University of Edinburgh.) 

In a previous communication [Robson and Illingworth, 1931] the 
effects of injection of various extracts of bovine corpora lutea into 
ovariectomized rabbits were described. The changes resulting in the 
uterus were studied in detail with special reference to the specific proli¬ 
feration of the endometrium and inhibition of the reaction of the 
musculature to pituitrin. Evidence was presented which could best be 
explained on the assumption that the two reactions were due to different 
luteal hormones and that partial separation of these had been effected. 
It seemed at the time that crude extracts of the corpus luteum would 
always give both effects on the uterus, and Knaus [1930] had actually 
suggested using the inhibitory reaction as a means of standardizing 
extracts. Tausk et ah [1931] subsequently also showed that corpus luteum 
extracts did not cause both proliferation and inhibition with any degree 
of regularity, and that multiple doses of an extract might produce less 
inhibition than the original dose. They came to the conclusion that the 
correlation between the proliferation and inhibitory phenomenon was too 
small to justify the assumption that they were caused by the same factor. 
Clauberg [1931] suggested that the a hormone (oestrin) could prevent 
the development of the inhibitory reaction, and this point of view is 
further developed by his colleagues Hartmann and Storring [1931], 
although no exact experimental data are given. 

During the last eighteen months we have obtained additional data. 
The effect of dosage on the development of the uterine reactions has been 
studied so as to allow of a more exact evaluation of the ‘^separation’’ 
experiments. Methods have been evolved for the further purification of 
the corpus luteum extracts. Additional experiments also on the relation¬ 
ship of a (oBstrin) to the changes brought about in the uterus by the 
luteal extracts have been performed. 
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Technique. 

Seventy-five mature female non-pregnant rabbits, each weighing 
about 2 kg,, were used in these experiments. The animals were of various 
breeds, as we found it difficult to procure animals of the same breed in 
sufficient numbers; but we have satisfied ourselves that the results ob¬ 
tained were not due to variations occurring between different breeds of 
rabbits. The animals were oophorectomized and the absence of pregnancy 
or pseudo-pregnancy was established at the operation. Injections were 
administered over a number of days. The animals were then killed by a 
blow on the occiput or by injection of air into an ear vein. One horn of the 
uterus was placed in Bonin’s solution and sections prepared from it; the 
other was used for experiments in vitro. Ringer-Locke solution was used 
in all cases in 100 c.c. containers. Temperature (37-5° C.) and oxygen 
supply were maintained constant. Records on smoked drums were taken 
with lightly balanced lever. The dose of pituitrin used in the majority of 
experiments was 5 units. The contractility of the uterus was in all cases 
tested by the subsequent addition to the bath of 0*1 c.c. of 1/1000 
adrenaline solution. 

The standard extracts were prepared as follows: cow’s ovaries were 
dissected within a few hours of the animals being slaughtered. Only solid 
corpora were used, and these were finely minced and extracted in the cold 
with two volumes of 95 p.c. ethyl alcohol for at least 24 hours in each 
extraction. The alcoholic extract was evaporated to dryness in vacuo and 
the residue extracted thoroughly with 100 c.c. portions of ether. The tissue, 
after alcohol extraction, was dried and extracted in a Soxhlet with ether, 
and the two ether extracts combined and evaporated to dryness. The 
viscous oil was then extracted with ethyl acetate. This on evaporation 
yielded a dark brown oil which solidified on standing. The yield was 
about 25 g. per kg. of corpora lutea. 

Results. 

The results obtained with the standard extracts are grouped according 
to dosage in Table I. The degree of proliferation is shown in column 3; 
-f++ represents a degree of proliferation equivalent to that observed on 
the 8th day of pseudo-pregnancy in an intact rabbit, while + indicates the 
minimal degree of proliferation clearly demonstrable. Column 4 shows 
the reaction of the musculature to pituitrin; + indicates that inhibition 
had developed, in other words, that pituitrin (5 units in 100 c.c, Ringer- 
Locke solution) was without effect or caused relaxation. 



CORPUS LUTEUM EXTRACTS ON UTERUS. 


139 


Table I. 


Extract No. 

P 

Animal No. 
Ba 

Proliferation 

Inhibition 

Dose 1-2 c.c. 

15 

59 

+ + + 

4- 

20 

118 

+ + + 

- 

23 

158 

4- + + 

- 

24 

163 

•f+ + 

4- 

35 

245 

+ + 

- 

36 

253 

+ + 

4- 

41 

264 

+ + + 

- 

42 

266 

-}- + 

- 

48 

294 

+ + + 

- 

54 

310 

4* + 

4- 

Dose 2-3 c.c. 

22 

122 

4-4- 

4- 

29 

224 

4-4- 

- 

30 

208 

4-4- + 

4- 

35 

242 

4-4-4- 

- 

50 

299 

4 . 4 . 4 . 

4- 

51 

308 

4--f 4- 

4- 

52 

303 

4-4-4- 

-- 

63 

302 

4-4- 

4- 

58 

321 

4-4-4- 

4- 

Dose > 3 c.c. 

29 

230 

4-4-4- 

- 

41 

265 

4-4- 

4- 

44 

276 

4-4-4- 

4- 

44 

298 

4-4-4- 

4- 

24 

163 

4-4- 

4- 

48 

300 

4-4-4- 

4- 

35 

246 

4-4-4- 

4- 

52 

304 

4-4-4- 

- 


It will be seen that in all cases the extract caused some degree of 
proliferation. Inhibition, however, was not obtained in all the experi¬ 
ments, but it will be noticed that the incidence of inhibition increases 
with the dose administered. This is more clearly shown in Table II which 
correlates the dosage with the percentage of experiments in which both 
effects were obtained. It will be seen that, while a dose of 1-2 c.c. caused 
inhibition in only 40 p.c. of experiments, the larger dosage (i.e. doses 
greater than 3 c.c.) were successful in causing inhibition in 75 p.c. of 

Table 11. 

Proliferation Proliferation 
No. of and inhibition only 

animals p.c. p.c. 

10 40 60 

9 66*6 33-4 

8 75 • 26 

As it had been found previously that purification of the extracts by 
partitioning between volatile media (to which we shall make further 


experiments. 


c.c. 

1-2 

2-3 

3 
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reference in the discussion) was attended by some degree of dissociation of 
the two effects, further methods of purification were evolved in the hope 
that a more definite separation would result, 

(i) Partition between 66 p.c. acetic add and petroleum ether (b,p, 
40-60® C.). In a preliminary experiment 2c.c. of extract j818 were 
dissolved in 10 c.c. petroleum ether and the solution extracted thoroughly 
with like portions of 66 p.c. acetic acid. The solvents separated fairly 
readily and the extraction was continued until the acetic acid remained 
colourless after shaking with the petroleum ether solution. 

On evaporating the acetic acid fraction to drjmess imder reduced 
pressure, a greenish brown gum remained which, when injected into 
rabbit 93, caused good proliferation (+-f-f) and complete inhibition. The 
petroleum ether fraction had retained none of the active substance. 

While no separation of the active factors was effected, the volume 
was reduced very considerably and a colloidal solution in water produced. 
Therefore, the method was considered to be of value in so far as purifica¬ 
tion of the crude extracts was concerned and has been used in a number 
of experiments. In no case has the preparation produced been desiccated, 
so that dry weights for the unit cannot be given, but 1 g. of the ‘‘gum” 
contains about 20 rabbit units. 


Table III. To show the effect of the acetic acid fraction on the 
uterine endometrium and muscle. 


p 

Animal No. 

Ra 

Proliferation 

Inhibition 

18 

93 

+ + + 

+ 

18 

96 

■f+ + 

- 

20 

107 

+ + 

- 

36 

254 

+ -I- 

- 

48 

300 

•f+ + 

+ 

54 

310 

4 . 4 . 4 . 

+ 

55 

309 


+ 


(ii) Partition between methyl alcohol and petroleum ether (b.p. 40-60® C.). 
2 c.c. of extract j323 were dissolved in petroleum ether and the solution 
extracted twelve times with methyl alcohol, until, that is, the alcoholic 
phase remained colourless. The combined alcohol fractions were washed 
once with a small volume of petroleum ether and evaporated to dryness 
in vacuo. The residue was dissolved in a convenient quantity of maize oil 
and injected into Ra 149. Section of the uterus showed good prolifera¬ 
tion, while a marked contraction followed the addition of pituitrin to the 
uterus in vitro. This experiment was repeated with j324 and j926. The 
results are shown in Table IV. 
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Table IV. To show the effeot of the methyl alcohol fraction on the 
uterine endometrium and muscle. 


p 

Animal No. 

Ra 

Proliferation 

Inhibition 

23 

149 

+ + + 

- 

23 

159 

+ + + 

- 

24 

164 


— 

25 

182 

+ + 

- 


(iii) Partition between 46 p.c. ethyl alcohol and petroleum etJwr (b.p. 
40-60® C.). Separation of the solvents was extremely slow and tedious, 
and the addition of a drop of HCl was without effect. The alcohol 
fraction on evaporation yielded a minute amount of inactive material, 
while the petroleum ether fraction had completely retained its activity as 
shown by injection into Ra 60. 

(iv) Partition between 50 px. ethyl alcohol and chloroform. In this 
experiment, which was carried out as described above, the chloroform 
fraction on injection into Ra 74 produced good proliferation and complete 
inhibition, while the portion soluble in alcohol was without activity. 

(v) Partition between 60 px. ethyl alcohol and benzene. Separation of 
the solvents was exceedingly slow owing to the formation of an emulsion. 
The product obtained from the alcohol fraction (used in aqueous sus¬ 
pension) was almost inactive, whereas the benzene fraction appeared to 
have lost very little of its activity. 

(vi) Partition between 66 p.c. acetone and petroleum ether, 2 c.c. of 
extract j316 were dissolved in petroleum ether and the solution extracted 
with an equal volume of 50 p.c. acetone. An emulsion was formed and 
therefore the concentration of the acetone was increased to 66 p.c. when 
separation of the solvents took place readily. On injection of the acetone- 
soluble fraction into Ra 79 it was found to be without activity, while the 
petroleum ether fraction caused good proliferation and inhibition when 
injected into Ra 80. 

Modification of methods of initial extraction. During the summer 
months of 1931 it was found difficult to obtain supplies of corpora lutea 
from Glasgow in sufficient amount and consequently the glands were 
obtained from Holland preserved in acetone. On arrival in the laboratory 
the acetone was drained off the corpora, the tissue minced and extracted 
with 95 p.c. alcohol twice for 24 hours. The solvents were combined, 
evaporated in vacuo and the preparation carried out as hitherto described. 

AJl the extracts prepared from these supplies were found to be com¬ 
pletely inactive, and on enquiry being made in Holland it was found that 
the corpora lutea had been stored in acetone for some considerable time. 
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In view of this, therefore, the effect of acetone extraction was in¬ 
vestigated more carefully as follows: Fresh corpora lutea were finely 
minced and extracted in the cold for several days and in some cases for 
several weeks. The acetone was filtered off and evaporated in vacuo. The 
residue was extracted with ether and the ether soluble material used for 
injection. The results obtained with a number of such extracts are shown 
in Table V. 

Table V. To show the ejffect of an acetone extract of bovine corpora 
lutea on the uterine endometrium and muscle. 


Period of 
extraction 
days 


Weight of 
corpora lutea 
g- 

Animal 

No. 

Proliferation 

Inhibition 

4 

31 

500 

Rb3 

+ + + 

- 

4 

33 

300 

Rb5 

+ + + 

- 

6 

37 

250 

Ra267 

+ + 

- 

2 

39 

240 

Ra260 

+ + 


2 

43 

275 

Ra273 

-f 

+ 

40 

46 

150 

Ra 305 

+ + + 

- 


It will be seen that although large quantities of tissue were extracted 
(the minimal amount being equivalent to 4 c.c. standard extract) and 
that good proliferation resulted in five out of six experiments, yet 
inhibition was only obtained in two out of six. 

Extraction with methyl alcohol was investigated, but little evidence 
was obtained to show that it had any advantage over ethyl alcohol as an 
extracting medium. It seemed rather, that prolonged treatment with 
this solvent inactivated the inhibitory factor. Extraction of corpora lutea 
for 2-3 days produced an extract which caused both proliferation and 
inhibition when injected in the usual way, while the extract obtained 
after treatment of the tissue for periods of 10 days or more caused only 
proliferation. 

In view of the statement of Fevold, Hisaw and Leonard [1932] to 
the effect that by means of acid alcohol extraction and subsequent 
fractionation, it is possible to produce a number of active principles of the 
corpus luteum, it was decided to apply their method in an attempt to 
produce extracts which would bring about one or the other of the effects 
described herein. 

Fresh bovine corpora lutea were finely minced and refluxed with two 
volumes of acid alcohol (98 c.c. ethyl alcohol + 2 c.c. HCl) twice, for 
1 hour in each extraction. The tissue was completely disintegrated by the 
boihng acid alcohol which was removed by filtration through muslin; the 
dark brown solution was neutralized with sodium bicarbonate and the 
precipitate which formed was redissolved and the neutralization repeated. 
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The solution was evaporated to dryness in vacuo at a temperature below 
46® C. and the residue extracted with alcohol; this was then removed tmder 
reduced pressure and the residue extracted with ether. Phosphatides 
were precipitated with acetone and the fraction soluble in acetone in¬ 
jected into Ka 313 and Ra 315. In each case the uterus showed slight 
proliferation (+) on section and no inhibition. A preparation from the 
same batch of corpora lutea carried out in the normal manner produced 
an extract which caused good proliferation with complete inhibition. 
This was repeated with a fresh batch of corpora lutea, and the extract 
obtained by the method of His aw was found to be almost inactive 
(Ra 329; proliferation +, inhibition negative). In every case the amount 
of extract administered to each animal was slightly greater than the usual 
dose of standard extract. 

Relationship of a (oestrin) to the action of the luteal extract. It has been 
previously shown that the administration of a hormone (3000 m.u.) 
concomitantly with corpus luteum extract in oophorectomized animals 
does not interfere with the development of the typical endometrial picture 
(progestational proliferation), nor with the inhibitory reaction. 

It still was possible that the administration of a over a more prolonged 
period before the injections of corpus luteum extract would influence the 
subsequent effect of the extract on the uterine musculature as has been 
actually suggested by Hartmann and Storring [1931]. A series of 
experiments was carried out to investigate this possibility. 

A number of animals were injected with 10 m.u, of an oily preparation 
of a per day, the first injection being given on the day following 
oophorectomy. The a hormone was administered for 6 or 7 days and this 
was followed by the injection of corpus luteum extract, in doses similar 
to those used in previous experiments, over the usual period of 3 days. 
The animals were then killed and the state of the uterine endometrium 
and muscle determined. The results are figured in Table VI. 


Table VI. To show the effect of a (oestrin) on the reaction of the uterine 
muscle and endometrium to the corpus luteum extract. 


p 

Dose 

c.c. 

Proliferation 

Inhibition 

Animal No. 
Ra 

35 

2-7 

+ + + 

+ 

243 

36 

2-4 

+ + -I- 

+ 

262 

36 

2-4 

-+- + + 


275 

42-44 

1-8 

+ + + 

- 

287 

42-44 

3*6 

+ + + 

-• 

290 

42-44 

3*6 

+ ++ 

- 

291 

48 

3-6 

+ + + 

■f 

319 

50 

3*6 

+ + + 

+ 

322 

52 

8*6 

+ + + 

- 

323 
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It will be seen that in each of the nine animals so treated a positive 
endometrial reaction was obtained. In addition, five out of the nine (or 
65 p.c.) showed inhibition of the reaction to pituitrin. This result is not 
significantly different from that obtained in experiments where no a was 
given and where the injection of corpus luteum extract commenced 
immediately after oophorectomy. It must therefore be concluded that 
under the given experimental conditions, the a hormone does not 
adversely affect the development of the inhibitory reaction. 


Discussion. 

The experiments described in this paper show in the first instance, 
that when an extract of the corpus luteum is injected into odphorectomized 
rabbits some degree of correlation exists between the effects of such an 
extract on the uterine endometrium and muscle respectively; the degree 
of correlation is dependent on the dosage and increases in proportion to 
the amount administered. Nevertheless even with large doses there is 
still a significant number of experiments in which the uterus showed 
a positive reaction to pituitrin. 

Tausk et al, [1931] have recently obtained similar results working on 
immature animals injected for 7~8 days with a (oestrin) previous to the 
administration of the luteal extracts and record the actual sensitivity 
of the uterine muscle to pituitrin in quantitative terms. No data are 
given for the sensitivity of animals treated with oestrin alone, so that 
apparently they have no standards of comparison. Our experience (with 
odphorectomized and non-oophorectomized mature animals) suggests 
that there exist great variations in the reactivity of the uterine muscle 
to pituitrin in the absence of any luteal activity, and for this reason we 
have attached significance only to those results in which the uterus failed 
to react to large doses of pituitrin. We are not satisfied that the failure 
of the uterus to react to small doses of pituitrin is necessarily due to an 
action of the luteal hormones. 

From the given data it seems possible that an additional factor is 
involved in the production of the inhibitory reaction. Clauberg [1931] 
has indeed suggested that the amount of a administered is the decisive 
factor in determining whether inhibition develops, and both the a present 
in the extracts and the amount administered in the preliminary period 
in immature animals have to be considered; this point of view is further 
developed by his collaborators Hartmann and Stdrring, although no 
exact experimental data are given. This hypothesis is not supported by 
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our experimental material, for it has been shown that the administration 
of doses of a similar to those used by Clauberg et al., and over a similar 
period, produces no appreciable effect on the development of inhibition. 
It must further be emphasized that our own extracts contain little a 
hormone (< 1 m.u. per rabbit unit corpus luteum extract), so that 
variations due to the a content of the preparations have, to all practical 
purposes, been eliminated. This conclusion is supported by experiments 
published elsewhere [Robson, 1932], where it is shown that the injection 
of 10 m.u. of a per day not only does not interfere with the development 
of the inhibitory phenomenon, but is actually necessary for the action of 
the luteal hormone on the uterine musculature in non-odphorectomized 
animals injected with large doses of anterior lobe tissue. 

The evidence we have previously advanced in which the corpus luteum 
and a hormones were administered simultaneously in oophorectomized 
animals, also shows that a does not interfere with the inhibitory reaction. 

Although the two reactions of the uterus (proliferation and inhibition) 
occur together in the majority of experiments, there is nevertheless evi¬ 
dence that they may be due to separate factors. In a previous paper 
[Robson and Illingworth, 1931] the results of experiments in which 
extracts of the corpus luteum were partitioned between 60 p.c. alcohol and 
petroleum ether were given, and the data now presented make it possible 
to estimate more accurately their significance. The results obtained are 

shown in Table VII. „ _ 

Table VII. 

50 p.c. alcohol Petroleum ether 



Dose 

Animal 

Pro- 

Inhibi¬ 

Animal 

Pro¬ 

Inhibi¬ 

p 

0 . 0 . 

No. 

liferation 

tion 

No. 

liferation 

tion 

12 

3 

36 

+ 

4-4* 

39 

4-4- 


12 

3 

Not used 



46 

4*4’4- 

- 

12 

3 

42 


— 

41 

4-4-4- 

4- 

16 

2 

65 

+ + 

4- 

63 

4-4-4- 

- 

16 

2 

67 

+ + + 

4- 

66 

4-4-4- 

4- 

16 

2 

70 

+ + 

4- 

69 

4-4-4- 

— 

18 

2*6 

90 

+ + 

- 

Not used 



14 

3 

49 

+ + 

4- 

48 

4- 

- 

14 

3 

50 

4- + + 

+ 

54 

4-4-4- 


14 

2 

56 

+ + + 


82 

4-4-4- 

4- 

17 

1-6 

81 

+ 


84 

-f *4- 

— 

17 

1*5 

85 

+ + 

+ 





It will be seen that with the fraction soluble in 50 p.c. alcohol inhibi¬ 
tion was obtained in seven out of eleven experiments, i.e. 63 p.c. of cases: 
with the petroleum ether fraction inhibition was only obtained in three 
out of ten experiments, i.e. 30 p.c. of cases. According to expectation the 
dose used should have given inhibition in 50 p.c. of experiments, the 
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results therefore suggest that the 60 p.c. alcohol phase contains about 
twice as much of the inhibitory factor as the petroleum ether fraction, yet 
the degree of proliferation with the petroleum ether fraction is more 
marked than that given with the alcoholic fractions. These results suggest 
to us that the two actions on the uterus can be referred to separate 
factors of the corpus luteum, but definite proof will only be obtained when 
a complete separation is accomplished. 

While no advance has been made in the actual separation of the active 
factors of the corpus luteum (should two exist) a method has been evolved 
whereby a considerable purification of the standard extract can be quickly 
and conveniently effected. 

By distributing the extract between 66 p.c. acetic acid and 40-60® C. 
petroleum ether, the weight of the extract is reduced from about 2g. 
to 50 mg., and by more thorough extraction may be further reduced to 
30 mg. without loss of activity. Allen’s method [1930], although effective 
in obtaining a similar degree of purity, is long and tedious and considerable 
losses are sustained. 

The effect of methyl alcohol extraction and separation is not clearly 
understood. In less than 20 p.c. of the total number of cases in which 
methyl alcohol was used, were both proliferation and inhibition obtained. 
A similar effect was obtained with acetone. The weights of tissue origin¬ 
ally extracted with these solvents were, as a rule, considerably greater 
than those which yielded 1 rabbit unit by the standard method. The 
effect on the endometrium showed that active extracts were being pro¬ 
duced. These experiments therefore appear to support the point of view 
that two factors are present in the corpus luteum, although, again, no 
complete separation was effected in these experiments. 

The method of extraction described by Fevold, Hisaw and 
Leonard [1932] was investigated and found to produce an extract 
devoid of almost all activity. In view of the fact that these authors claim 
to obtain 30 rabbit units of the proliferative hormone per kg. of sow 
corpora lutea, and we adhered to their method exactly, our results can 
only be explained by the fact that bovine corpora lutea were used by us. 

Standardization. Whatever decision will ultimately be arrived at as 
regards the existence of two luteal factors, it seems to us fairly evident 
that the inhibitory reaction is not a satisfactory test for the progesta¬ 
tional hormone of the corpus luteum. 

The progestational reaction of the endometrium gives more reliable 
and constant information as to the hormone content of a given extract. 
We have arrived at this conclusion from experiments performed on 
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mature oophorectomized animals using a modification of the method 
originally devised by Corner and Allen [1929]. We have had no 
experience of the test as performed on immature animals, but from the 
published data cannot see that it has any advantages over that performed 
on the mature rabbit. 

Summary, 

The action of standard extracts of the corpus luteum on the uterus of 
mature oophorectomized rabbits was determined, with special reference 
to the eifects on the endometrium (progestational proliferation) and the 
muscle (inhibition of the pituitrin reaction). 

With a dose of 1 c.c. or more of the standard extract, progestational 
proliferation was obtained in nearly all cases; the frequency with which 
inhibition occurred varied with the dose injected, a larger dose being 
more often followed by the inhibitory reaction; even with comparatively 
large doses, however, 26 p.c. of the experiments showed the endometrial 
reaction without the effect on the muscle. 

A method is described which allows of the further purification of the 
standard extract; the material so obtained produces the full effect on the 
endometrium in doses of less than 50 mg. and gives a colloidal solution 
when shaken up with water. 

The effect of the a hormone (oestrin) on the reactions of the uterus to the 
corpus luteum extract has been further investigated. The a hormone does 
not appear to interfere with the development of the inhibitory reaction. 

The evidence suggesting that the inhibitory reaction is due to a 
separate luteal hormone is discussed. 

We should like to thank Messrs Sobering Kahlbaum for the supply 
of corpora lutea used in preliminary experiments, and the Medical 
Research Council for a Grant in aid of this work to one of us (J.M.R.). 
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THE ACTION OF PITUITARY POSTERIOR LOBE 
EXTRACTS ON DIFFERENT PARTS OF 
THE CIRCULATORY SYSTEM. 

By ?ETER HOLTZ. 

(From the Pharmacological Laboratory, Cambridge, and the 
National Institute for Medical Research, London,) 

The action of pituitary posterior lobe extracts on the circulation has 
received considerable attention, but has not been fully explained. All 
investigators are agreed that an intravenous injection of pituitrin pro¬ 
duces constriction of the splanchnic vessels with a rise of systemic 
blood-pressure, but opinions differ as to how the other parts of the 
vascular system and the heart are influenced. Difficulties may exist in 
the fact that different species of animals do not behave in the same 
manner, so that it is not possible to transfer the results obtained from 
one to the other; on the other hand, they may arise from the fact that 
different investigations have been carried out under experimental con¬ 
ditions not altogether comparable with one another. Results obtained 
from observations on isolated organs, from perfusion of isolated parts 
of the vascular system or from the heart-lung preparation, cannot without 
reserve be applied to the intact animal. When therefore, for example, 
Dale [1909] or Gunn [1926] finds with the isolated heart that pituitrin 
constricts the coronary vessels, or when Anrep and Stacey [1927-8], 
Roessler [1930] and others describe its action on the heart-lung pre¬ 
paration, these observations cannot without further evidence be trans¬ 
ferred directly to the conditions which obtain in the intact animal. It is 
further necessary, in the case of any effect on isolated tissues or organs, 
to be certain that it is due to an essential hormone in the extract and 
not to accidental accessory constituents, such as histamine. Further, 
now that it is known that the extract of the pituitary posterior lobe 
contains more than one active principle, it is important to know, 
especially with respect to certain effects, which of tte known principles 
is responsible. 
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The present paper is an attempt to explain the effect of pituitary 
preparations upon the circulation by describing in the first place investi¬ 
gations on anaesthetized but otherwise intact animals, and in the second 
place experiments on isolated tissues or perfused organs, in order to 
analyse the results obtained on the whole animal. The effects seen in 
different species of animals have been compared in order to gain a wider 
basis on which to criticize the results. 

The commercial extract known as pituitrin and the separated pressor 
and oxytocic principles, pitressin and pitocin, have all been used in 
different parts of the investigation. 

The action of pituitary extracts on the heart and pulmonary 

CIRCULATION OF THE RABBIT, THE CAT AND THE DOG. 

Rabbit, 

Method, The experiments were made on animals ansesthetized with urethane (l*5g. 
per kg.). The systemic arterial pressure was measured in the carotid with a mercury 
manometer. In order to measure the pressure in the auricles and in the pulmonary artery 
the chest was opened by the removal of the upper three or four ribs from their sternal 
ends. The pressure in the left auricle was measured by inserting a cannula cither into the 
left auricle directly or through a pulmonary vein; in the right auricle by a long cannula 
inserted through the jugular vein, and in the pulmonary artery by Schafer’s method. 
The pressure was recorded in millimetres of half-saturated sodium sulphate solution. 

Results, The most striking effect of an intravenous injection of 
pituitrin in the rabbit is produced by its action on the heart. This is 
well shown by the volume curves obtained with the air oncometer. 
A small dose of 0*1 unit causes only a small diastolic dilatation by which 
the output of the heart is influenced probably only to a negligible degree. 
A somewhat larger dose of 0*3 unit leads to a more definite dilatation, 
the cardiac output per beat being definitely diminished for about half a 
minute, whilst the heart rate undergoes little change. Larger doses such 
as 0*5 unit profoundly weaken systole; the heart dilates and the rate of 
beat is diminished (Fig. 1). This is in conformity with many previous 
investigations [Tigerstedt and Airila, 1913; Borner, 1916; Muller, 
1917; Wolfer, 1922]. 

Small doses of pituitrin—less than 0*3 imit—administered to the 
isolated rabbit’s heart perfused with Ringer’s solution by Langen- 
dorff’s method, may diminish the coronary flow to one-half without 
influencing the heart beat, as recorded in the usual manner. These 
observations are in conformity with those of Anrep, who in the heart- 
lung preparation of the dog found that there is no relation between the 
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rate of the coronary flow and the action of the heart [Anrep and 
Bulatao, 1926; Anrep and Stacey, 1927-8]. It may be mentioned, 
however, that Bo do [1927] in experiments on the heart-lung preparation 
foimd that constriction of the coronary vessels was always accompanied 
by simultaneous dilatation of the ventricles; and Roessler [1930] thinks 
that the injurious effect of pitressin on the dog’s heart is mainly due to 
constriction of the coronary vessels. After larger doses of pituitrin (0*5 
unit and more) the constriction of the coronary vessels in the isolated 



Fig. 1. Rabbit. Urethane. Cardiometer. Dilatation of the heart after 0*5 unit pituitrin. 

Time = 10 sec. 


rabbit’s heart occurs simultaneously with a decided decrease in frequency 
and a diminution in the size of the contractions. Thus the result of these 
experiments on the isolated rabbit’s heart speaks in favour of a direct 
action of pituitrin on the heart muscle itself, besides its constrictor effect 
on the coronary vessels. 

The reaction of the heart to pituitrin explains the peculiar effect on 
the carotid blood-pressure. Tracings of this show an initial rise followed 
by a distinct fall, which is then followed by a second and larger rise. 
The fall occurs simultaneously with the diastolic expansion and is clearly 
due to it (Fig. 1). The injured heart cannot overcome the increased 
syBtemic arteriolar resistance, and, as a result, the arterial pressure falls 

10—2 
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to a certain extent. The heart, however, quickly recovers and the blood* 
pressure rises again. 

The pressures in the left and in the right auricle fall when a small 
dose of pituitrin is injected. In one experiment a dose of 0*2 unit caused 
a fall of pressure of 10 mm. of half-saturated sodium sulphate solution 
in the right auricle and a fall of 12 mm. in the left auricle. These effects 
are probably due to the strong constriction of the coronary vessels, 
leading to a diminution of blood flow to the right auricle, so that the 



Fig. 2. Rabbit. Urethane, Fall of pulmonary artery pressure (P.A.) 
after 2*0 units pituitrin. Time = 10 sec. 


right ventricle sends a smaller amount of blood through the lungs into 
the left auricle. There is no back pressure from the ventricles, since the 
contractile power of the heart is not materially affected by these small 
doses of pituitrin. 

If larger doses are injected, the heart beat is weakened and the back 
pressure of the dilated ventricles increases the pressures in the auricles. 

The pressure in the pulmonary artery always falls after injections 
of pituitrin, no matter what the dose may be (Fig, 2), as also stated by 
Sharpey-Schafer and Macdonald [1926-7]. When the dose is small, 
this effect is probably due to the decrease in the flow through the coronary 
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vessels: the right heart receives less blood. After larger doses an increase 
of the pressure of the pulmonary artery might be expected, because the 
raised pressure in the left auricle augments the resistance in the pul¬ 
monary circulation. But these larger doses cause a profound weakening 
of the cardiac muscle. Thus the right ventricle does not only receive less 
blood by the constriction of the coronary vessels, but even sends out 
less blood than it receives. That again explains further the fact, which 
might appear paradoxical, that simultaneously with the fall of pressure 
in the pulmonary artery the pressure in the right auricle increases 
slightly. 

The action of pituitrin on the pulmonary circulation of the rabbit 
depends therefore upon two main factors: (1) the depression of cardiac 
muscle, (2) the constriction of the coronary vessels. 

Cat. 

Method, The animals were anaesthetized with a.c.e. and urethane. In order to measure 
the pressure in the pulmonary artery, a cannula was tied into a branch on the hilus of 
the right upper or middle lobe. The lung volume was recorded by the Brodie-Bixon 
method with an air tambour connected to an oncometer enclosing the middle lobe of the 
right lung. The bronchus of this lobe was ligatured. 

Results. From the experiments dealt with in the first part of this 
paper it is evident that in rabbits the action of pituitrin on the heart 
is of grbat importance for its effect on the pulmonary circulation. It 
therefore seems best, in describing the action of pituitrin on the cat^s 
circulation, to begin by discussing its effects on the heart. 

The investigations of previous workers [McCord, 1911; Biedl, 1913; 
Borner, 1916], most of which were published some time ago, show that 
the cat’s heart is much more resistant to pituitrin than the rabbit’s 
heart. I can confirm this. Fig. 3 shows the effect of 1-0 unit vasopressin 
on the isolated cat’s heart. It can be seen clearly from it that the 
coronary flow is increased and the contractions of the heart enlarged: 
the heart is therefore stimulated. The same dose administered to the 
heart of a rabbit would lead to a considerable decrease of the coronary 
output and a reduction in the amplitude and frequency of the heart 
beat. Larger doses—3-0 units—either do not change the action of the 
cat’s heart or cause a slight diminution in the contractions. The coronary 
vessels remain uninfluenced. The experiments with the cardiometer con¬ 
firm these results. 1*0 unit of pituitrin or pitresjin is almost without 
any effect, large doses produce only a small diastolic expansion. It can 
therefore be concluded, that small doses of pituitrin or pitressin—^not 



164 


P. HOLTZ. 


exceeding 1*0 unit—which would definitely damage the rabbit’s hearti 
either leave the cat’s heart entirely untouched or even lead to an im¬ 
provement of its action, and that very large doses—^up to 3*0 or 4*0 
units—may slightly weaken the cat’s heart, although the effect is still 
small compared with that seen in the rabbit’s heart. The auricular 
pressures either remain unchanged or fall after small doses of pituitrin 
such as 0*5 or 1*0 unit. The fall of auricular pressure in the rabbit has 
already been attributed to a diminution in the blood flow to the right 
auricle, caused by constriction of the coronary vessels. In the isolated 
heart of the cat pituitrin has no such effect on the coronary vessels, and 
it is therefore probable that direct stimulation of the ventricles is the 



Fig. 3. Cat. Isolated heart (Langendorffs method) 1*0 unit pitressin (| PJ) augments 
the coronary flow and stimulates the action of the heart. Each sector corresponds 
to 30 sec. 


main cause of the small fall of auricular pressures which usually occurs. 
Large doses of pituitrin cause a rise of auricular pressure in the cat. 
No direct comparison has been made of the relative magnitude of the 
effect on the two auricles, but in a number of experiments in which the 
pressure in the right auricle was recorded, the effect of pituitrin was 
always larger than that seen in other experiments when the pressure in 
the left auricle was recorded. The rise in auricular pressure may be 
accounted for, as in the case of the rabbit, partly by weakening of the 
ventricles, but it will be seen later that there are two other factors which 
probably contribute to the rise of auricular pressure after large doses 
in the cat but not in the rabbit. In contrast to the effects seen in the 
rabbit the pressure in the pulmonary artery of the cat is invariably 
increased by the injection of pituitrin (Fig. 4). This effect might have 
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been due to vaso-constriction of the ptdmonary vessels, but no such 
action could be demonstrated in the isolated and perfused lungs of the 
cat, although these vessels showed definite reactions to injections of 
small doses of adrenaline and histamine. 

The fact that simultaneously with the rise of the pressure in the 
pulmonary artery the volume of the lung is augmented (Fig. 5), points 
to the suggestion that pitressin causes an increased blood supply to the 
lungs. This increase of blood flow to the cat’s lungs may be due to two 



Fig. 4. Fig. 5. 

Fig. 4, Cat, Urethane. Rise of pulmonary artery pressure (P.A.) after 2-0 units pitressin. 

Time = 10 sec. 

Fig. 6. Cat. Urethane. Increase of lung volume (L.V.) and rise of pressure in the right 
auricle (R.A.) after 2*0 units pituitrin. Time = 10 sec. 

causes: (1) Anrep and Bulatao [1925] found in investigations con¬ 
cerning the distribution of blood flow between the coronary and systemic 
vessels, that an increase in the systemic resistance produces an increased 
blood flow through the coronary vessels. Since the coronary vessels of 
the isolated cat’s heart are not constricted by pitressin and may even 
be dilated, it is probable that in the whole animal the constriction of 
the systemic vessels leads to an actually increased coronary flow. As a 
result of this, more blood than normal will flow to Jt-he right heart and 
to the lungs; (2) Berry and Daly [1932], in perfusing the lungs simul* 
taneously through the pulmonary artery and the posterior bronchial 
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artery, which latter takes its origin from the aorta, have shown that a 
rise of pressure in the bronchial artery causes a corresponding rise of 
pressure in the pulmonary artery and an increased output from the lung 
veins into the left auricle. Thus the augmented peripheral resistance, as 
caused by the injection of pitressin, might possibly increase the blood 
supply to the lungs through the bronchial arteries. 

The action of pituitrin on the pulmonary circulation of the cat there¬ 
fore depends upon the increase of blood supply to the lungs caused 

(1) by an active dilatation of the coronary vessels—after small doses, 

(2) by a passive increase in coronary flow which is due to the increase 
in systemic resistance—after large doses, and perhaps (3) by an increased 
blood flow through the bronchial circulatory system into the lungs, 
which also is caused by the augmented peripheral resistance. 

Dog. 

Method. The experiments on dogs were performed under chloralose anaesthesia (0*1 g. 
per kg. intravenously). The pressure in the pulmonary artery was measured in a side 
branch on the hilus of the right upper or middle lobe; the pressures in the left and right 
auricle by tying cannulae direct into the appendices. The lung volume was recorded as 
described for the cat. 

Results. If pituitrin or pitressin is injected intravenously into a dog, 
the rise in arterial blood-pressure is never so pronounced and immediate 
as in the rabbit and in the cat. Sometimes even a fall after an initial 
rise may be obtained. The carotid curve shows slowing of the pulse and 
irregularities in the action of the heart. In agreement with the results 
obtained by previous workers [Mautner and Pick, 1929; Rolls and 
Geiling, 1924; Roessler, 1930] it was found that pituitrin dilates the 
ventricles and constricts the coronary vessels: like the rabbit’s heart, 
and in contrast to the heart of the cat, the dog’s heart is very much 
injured by pituitrin. 

The pressure in both auricles is raised, but the difference in the 
magnitude of the rise of pressure in the right and the left auricle is just 
the reverse of that found in the cat: while the pressure in the right 
auricle shows only a small rise, that in the left auricle is very con¬ 
siderably increased, sometimes tenfold or more (Fig. 6). Thus it appears 
that the left ventricle of the dog is injured by pitressin to a higher 
degree than the right ventricle, as also was concluded by Roessler 
from his experiments with the heart-lung preparation. The outflow from 
the lung veins into the left auricle is thus retarded, and one would expect 
that the pressure in the pulmonary artery would rise against the in- 
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creased resistance. But in spite of the increased pressure in the left 
auricle the pressure in the pulmonary artery always shows a pronounced 
fall (Figs. 7 and 8). It is obvious in so far as the heart is concerned 
that there are two factors tending to change the pulmonary arterial 
pressure in an opposite direction: (1) the back pressure from the left 
auricle tends to raise it, (2) the constriction of the coronary vessels, 
followed by a diminished blood flow to the right auricle, tends to lower it. 



Fig. 6. Dog. Chlonlose. Rise of pressure in the right and left auricle after 
2-0 unite pitiesein. Time —10 sec. 


That after the injection of pitressin the blood supply to the lungs is 
actually diminished is proved by the decrease in lung volume (Fig. 9). 
The constriction of the coronary vessels, however, cannot be the only 
cause for the diminished blood flow to the lungs. From experiments on 
the heart-lung preparation I can confirm Roessler in that a second 
dose of pitressin has almost no effect on the coronary vessels. In one 
of my experiments for example the first injection of 3’0 units of pitressin 
diminished the flow through the coronary vessels from 58 c.c. per min. 
to 20 c.c. per min. ; the same dose, injected 22 min. later, had practically 
no effect on the coronary vessels, producing only a diminution of flow 



158 


P. HOLTZ. 



Fig. 7. Dog. Ohloralose. Effect of 2*0 units of pitressin on the pressure in the pulmonary 
artery (P.A.) and the intestinal volume (LV.) X s bellows lowered. 







/OoRP 


Fig. 8. Dog. Chloralose. (a) Injection of 10 unit pitressin: fall of pulmonary artery 
p^^ (P.Art.); me of left auricular pressure (L.Aur.). (6) 22 min. later; injection 
pulmonary artery pressure (P.Art.); slight fall of left 

aunoular pressure (L.Aur.). 
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from 64 c.c. per min, to 60 c.c. per min. The coronary vessels therefore 
are refractory against a second injection of pitressin, the dilatation of 
the heart does not take place after the second dose and the pressure in 
the left auricle remains unchanged or even shows a slight fall (Fig. 86). 



In spite of this, the pressure of the pulmonary artery falls also after the 
second injection (Fig. 8 5). From this we can conclude that other parts 
of the circulatory system play an important part in the action of 
pitressin on the pulmonary circulation, and I thinjj: one is justified in 
assuming that the cause for the fall of pulmonary arterial pressure after 
a second injection of pitressin is the diminution in the return of blood 
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from the arterial side to the venous side of the vascular system. This 
view is supported by the fact that the pressure in the femoral and 
jugular vein falls if pitressin is injected. 

It is therefore not surprising that in the heart-lung preparation the 
pressure in the pulmonary artery invariably rises after pitressin has been 
injected, because here the whole peripheral vascular system is ligatured 
off and the diminution of blood flow to the right heart, as caused by 
the constriction of the coronary vessels, is probably largely masked by 
the constant inflow from the venous reservoir. Thus the increased 
pressure in the left auricle is the only factor in determining the height 
of pressure in the pulmonary artery, which must therefore rise with a 
first, and remain unchanged with a second injection of pitressin, since 
heart and coronary vessels are now desensitized and the left auricular 
pressure does not rise a second time. 

The action of pituitrin on the pulmonary circulation of the dog 
therefore depends upon the diminished blood supply to the lungs as 
caused (1) after the first injection by constriction of the coronary and 
systemic vessels, (2) after the second injection by constriction of the 
systemic vessels only. 

The action of pituitary extracts on the mesenteric and 
PORTAL circulation OP THE OAT AND THE DOG. 

In confirmation of the results obtained by previous investigators 
[Miura, 1926; Clark, 1928], it was found that the portal pressure in 
cats and dogs, as measured in the splenic vein, shows a distinct fall if 
pituitrin or pitressin is injected into the general circulation. This corre¬ 
sponds with the observation of Mautner and Pick [1929], that the 
volume of the liver as measured in the living animal is diminished. 

The fall of portal pressure and the diminution in liver volume is 
usually attributed to the fact that pituitrin constricts the splanchnic 
vessels and thus diminishes the blood supply to the portal system. This 
view is supported by the early observations of Oliver and Schafer 
[1895], that in the cat the intestinal volume is diminished after an in¬ 
jection of pituitary extract. Thus it seems that in the cat a diminished 
blood supply to the portal system, caused by constriction of the splanchnic 
vessels, might be sufficient to explain the fall in portal pressure and the 
diminution in liver volume. In the dog, however, this explanation does 
not apply, since in the dog (Fig. 10) simultaneously with the fall in 
portal pressure the intestinal volume after a short decrease is augmented. 
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The explanation of the fact, that in the dog the liver shrinks and the 
pressure in the portal vein falls, although the blood flow to the splanchnic 
area is increased, might be found either in that pituitrin constricts the 
mesenteric veins, thus leading to an accumulation of blood in the in¬ 
testinal vessels and a diminution of blood flow into the portal vein and 
to the liver, or in that it has a dilator effect on the outflow side of the 
portal system, i.e. on the hepatic veins, thus diminishing the resistance, 
against which the blood from the portal system flows into the vena cava. 

Both possibilities were examined by performing perfusion experi¬ 
ments (a) on isolated mesenteric vessels and (6) on the isolated liver. 

{a) Perfusion of isolated mesenteric vessels of cais and dogs. 

Method, The animals were ansBSthetized with ether-chloroform and bled from the 
carotid. The blood was defibrinated and the perfusion apparatus filled. Cannulae were 
then tied in the superior mesenteric artery and the splenic Tem» and the whole small 
intestine separated and divided between two ligatures. The blood in the mesenteric vessels 
was washed out by perfusion through the splenic vein with hot Ringer. Then the intestine 
was resected at the insertion of the mesentery, so as to perfuse either the isolated mesen¬ 
teric arteries or the veins in the reversed direction, the blood escaping from the cut 
arterioles and venules, as the case might he, without passing through capillaries [Bale 
and Richards, 1919]. The artery was perfused hy means of the Bale-Schuster pump, 
the vein by hydrostatic pressure (in other experiments also the artery perfusion was 
performed by hydrostatic pressure). By means of clips it was possible to perfuse separately 
either the artery or the vein. The outflow was recorded by the method described by 
Gaddum [1929]. 

Results, The mesenteric arteries both of cats and dogs were shown 
in this way to be constricted by pitressin. This effect of pitressin 
(Fig. 116) like its effect on the general blood-pressure was definitely 
more prolonged than the corresponding constrictor effect of adrenaline 
(Fig. 11 a) on the same preparation. 

The action of pitressin on the mesenteric veins is quite different from 
that of adrenaline. In Fig. 12 a it will be seen that a small dose of 
adrenaline produced in cats and dogs marked constriction of the mesen¬ 
teric veins similar to its effect on the mesenteric arteries. The only effect 
seen after injection of pitressin (Fig. 12 6) was a small dilator effect. 

The result then of the experiments vdth pitressin on the isolated 
mesenteric vessels is that, both in cats and dogs, it constricts the arteries 
and has, if any, a weak dilator effect on the veins. 

(6) Perfusion of the isolated livers of cats and dogs. 

Method, Livers isolated from cats and dogs were perfused simultaneously through the 
hepatic artery and the portal vein with the defihrinated blood of the same species. In 
the case of the cat the blood from three cats was used. The perfusion through the hepatic 
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Fig. 11. Dog. Perfusion of isolated mesenteric arteries, (a) Injection of 1;/of adrenaline. 
(b) Injection of 0-5 unit of pitressin. 



Fig. 12. Dog. Perfusion of isolated mesenteric veins, (a) Injection of 6y of adrenaline. 
(b) Injection of 2*0 units of pitressin. 
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Artery was performed by means of the Dale-Sohuster pump, the portal vein was perfused 
from a blood reservoir by hydrostatic pressure. The records of the traoings beginning 
with the top one show: (1) outflow from the vena cava measured with the method described 
by Gaddum, (2) liver volume by plethysmograph, kept at constant temperature and 
connected to large bellows, (3) portal pressure recorded by means of a water manometer 
and a Brodie bellows, (4) arterial pressure in mm. Hg. Full details of the method are 
given in a paper by Bauer, Dale, Poulsson and Richards [1932]. 



Fig. 13. Perfusion of cat’s liver, (a) Arterial injection of 2'0 units of pitressin. (6) Arterial 
injection of 0*5 unit of pitocin. (c) Portal injection of 2*0 units of pitressin. 


Results, Lampe and M^hes [1926] have performed experiments 
with pituitary extracts on the isolated liver of cats and dogs, Clark 
[1928] on the isolated dog’s liver. In both cases the liver was perfused 
only through the portal vein, and pituitrin produced diminution of the 
liver volume and of the outflow from the vena cfl,va, both of which 
effects were ascribed to constriction of the portal vessels. Adrenaline 
had a similar but stronger effect. 
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Cat^s liver. The efiEects of pitressin and pitocin on the cat’s liver are 
shown in Fig. 13. When pitressin is injected into the hepatic artery it 
produces a rise in the arterial pressure, a fall of portal pressure and a 
fall of volume (Fig. 13 a). These efEects are probably due to the constric¬ 
tion of the branches of the artery, the fall of portal pressure being a 
direct mechanical result of the decrease in the rate of flow through the 
artery. The blood supply to the liver through the portal vein is thus 
somewhat increased and compensates almost completely for the decrease 
in arterial flow, so that only a just perceptible decrease in the total flow 
results, as shown by the slightly diminished outflow. When pitressin is 
injected into the portal vein, the portal pressure rises, presumably owing 
to constriction of the portal vessels (Fig. 13 c). 

Pitocin has little or no effect on the circulation of the isolated liver 
of the cat (Fig. 13 6). 

The fall in portal pressure and liver volume, seen after pituitrin in 
experiments on the whole cat, can thus be attributed to two causes: 
(1) selective constriction of the mesenteric arteries, leading to a diminu¬ 
tion of the amount of blood flowing into the portal system, (2) constric¬ 
tion of the hepatic artery, leading to a decrease in the amount of blood 
reaching the liver by this route. 

Dog's liver. As in the liver of the cat, the intra-arterial injection of 
pitressin produces a rise of arterial pressure (Fig. 14 a), but the accom¬ 
panying fall of portal pressure and liver volume is more marked than 
in the cat, and the most striking difference between the two animals lies 
in the marked increase in the venous outflow which pitressin causes in 
the dog but not in the cat. The combination of these effects—fall in 
portal pressure and liver volume, and increase of outflow—can only be 
due to the relaxation of efferent vessels. 

It is known that the dog’s liver in contrast to that of the cat has a 
venous sluice mechanism [Mautner and Pick, 1923]. The efferent 
hepatic veins are constricted by small doses of histamine and, as has 
been found by Bauer, Dale, Poulsson and Richards [1932] and by 
Grab, Janssen and Rein [1929 a, 6] relaxed by adrenaline. This sluice 
is apparently located near the openings of the hepatic veins into the 
vena cava, since extirpation of this region abolishes the effect. The corre¬ 
sponding effect of pituitary extract in my experiments similarly was 
found to be abolished by extirpation of the openings of the hepatic veins. 

The present experiments thus show that the action of pituitary 
extracts on the vessels of the dog’s liver is due to the relaxation of the 
efferent hepatic veins, the sluice veins of the dog’s liver, and thus provide 
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an explanation for the fact that in the whole animal after an injection 
of pituitrin or pitressin portal pressure and liver volume fall, although 
the blood flow to the splanchnic area is increased (augmentation of in¬ 
testinal volume). The pituitrin reaches the liver through the hepatic 
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Fig. 14. Perfusion of dog’s liver, (a) Arterial injection of 2*0 units of pitressin. (6) Arterial 
injection of 0*1 unit of pitooin. (c) Arterial injection of 2*0 units of pitressin. 
(d) Arterial injection of 0*1 unit of pitocin. 


artery and relaxes the venous sluice, before the augmented blood flow 
to the splanchnic area can produce any rise in portal pressure. This 
relaxation is so marked that the total effect produced is a pure fall of 
portal pressure. 

In the course of these investigations it was found that pituitrin, the 
complete extract of the posterior lobe, caused an even more pronounced 
increase of outflow from the dog’s liver than pitressin, and the possi- 
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bility arose that this effect might be due not to the pressor principle 
itself, but to the oxytocic principle, which is always present in small 
quantities in the pitressin but which is of course present in larger quan¬ 
tities in the pituitrin. To test this point a preparation of the separated 
oxytocic principle, pitocin, was first compared with pitressin for its action 
on the guinea-pig’s uterus. It was found that 20 units of pitressin, tested 
in this way, were equivalent to 1 unit of pitocin. If the suggestion 
menj^oned above, that the action of pitressin on the venous outflow in 
the dog’s liver is due to its content of oxytocic principle, were correct, 
pitocin should have the same effect as pitressin when given in l/20th of 
the dose. That this is indeed the case is shown in Fig. 14: 2 units of 
pitressin have approximately the same effect as 0*1 unit of pitocin. 
These results show that the effect of pituitary extracts on the venous 
outflow of the dog’s liver is due to some substance which is present in 
much higher proportions in pitocin than in pitressin, and there is no 
reason to doubt that this substance is the oxytocic principle itself. 



Fig. 16. Fowl. Urethane, Blood-pressure. Comparison between pitressin and pitocin. 


Note on the action of postekiob pituitary extracts on the 

BLOOD-PRESSURE OP THE FOWL. 

Support of the view that the dilator action of pituitary extracts (as 
seen on the mesenteric veins and the efferent hepatic veins of the dog’s 
liver) is due to their content of oxytocic principle can be found in the 
result of some experiments on fowls. It is known that the blood-pressure 
of the bird, in contrast to that of the mammal, falls after the injection 
of posterior pituitary extracts [Paton and Watson, 1912; Hogben, 
1926]. Gaddum [1928] and Morash and Gibbs [1929] found that 
this effect could be obtained with smaller doses of **oxytocin” than of 
‘‘vasopressin.” 

Fig. 15 shows records from an experiment, in which a quantitative 
comparison was made between the action of pitressin and pitocin on 
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the blood-pressure of the fowl. From Fig. 16 a and c it can be seen 
that a twenty times smaller dose of pitocin (0*1 unit) than of pitressin 
(2 units) has approximately the same eSect, and this effect can be ob¬ 
tained several times in the same experiment. Thus it seems conclusive 
that the fall of blood-pressure, as observed in birds after the injection 
of pituitary extracts, is caused by the oxytocic substance. 

In Fig. 15 6 a very small dose of pitressin (0*1 unit) has, after a slight 
dilator, a small pressor effect. The amount of oxytocic substance con¬ 
tained in the small dose of 0*1 unit of pitressin is apparently not big 
enough to overcome the pressor action which the entirely pure pressor 
principle of the posterior lobe probably would have also in the bird. 
Finally, Fig. 15 d shows the pronounced and very long-lasting dilator 
effect of a somewhat larger dose of pitocin (2 units). 

Discussion. 

A point needing a little further discussion is the question of the 
significance of the relaxation of the hepatic veins, as seen after the in¬ 
jection of pituitary extracts in the isolated liver of the dog, for the portal 
and the pulmonary circulation in the whole animal. It has been pointed 
out that the fall of portal pressure, which occurs in the whole animal in 
spite of the increased blood flow to the splanchnic area (increased intes¬ 
tinal volume), could be explained by assuming that the opening of the 
venous sluice in the dog’s liver diminishes the resistance, against which 
the blood from the portal system flows into the vena cava. If in the 
whole animal, as in the isolated liver, the rate of outflow from the 
hepatic veins is thus augmented, this effect by itself would increase the 
flow of blood to the heart and lungs. The fall of pressure in the pul¬ 
monary artery and the diminution of lung volume, however, prove that, 
in fact, the total flow of blood to the lungs is diminished. 

The blood flowing into the vena cava comes from two main sources: 
(1) from the splanchnic vessels through the portal vein, liver and hepatic 
veins, (2) from the limbs, body wall and the somatic area generally. In 
experiments in which limb and intestinal volumes were measured simul¬ 
taneously it was found that the limb volume was diminished at the same 
time as the intestinal volume was augmented. The limb vessels of the 
dog, therefore, seem to be more sensitive to the constrictor action of 
pituitrin than the splanchnic vessels. Under these conditions the return 
of blood from the somatic area to the heart and lungs is diminished, 
the blood flow to the splanchnic area, in which the constrictor effect is 
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less powerful, undergoing a passive augmentation. The discharge of 
blood from the splanchnic area by the hepatic veins into the cava cannot, 
however, be increased to the same extent as that from the somatic area 
is diminished, since the total inflow to the right heart becomes less, 
causing a fall of the pulmonary arterial pressure. There must accordingly 
be some accumulation of blood in the splanchnic area, and we have seen 
that this occurs in the intestine, the volume of which shows a secondary 
increase. Owing to weakening of the resistance to hepatic outflow, the 
liver loses volume and the pressure falls in the portal vein. Since, as 
shown in perfusion experiments, the tone of mesenteric venules is not 
increased, but, on the contrary, somewhat diminished, the combined 
effect of swelling of the intestine and fall of portal pressure is still 
inadequately explained. It seems necessary to postulate a loss of tone 
in the intestinal capillaries to accoimt for it. 

“Summary. 

The action of extracts of the posterior lobe of the pituitary gland 
on different parts of the circulation has been studied. 

1. Pulmomry circulation and heart. Pituitary extracts have no action 
on the lung vessels. Either the complete extract (pituitrin) or the sepa¬ 
rated pressor fraction (pitressin) produces a rise of pressure in the 
pulmonary artery of the cat, which is secondary to an increase of 
coronary flow; they produce a fall of pulmonary arterial pressure in 
the rabbit and in the dog, which is due to a diminution of coronary flow. 
An additional cause of this fall in the dog is the accumulation of blood 
in the splanchnic area. The reason for the rise of pressure in the pul¬ 
monary artery in the heart-lung preparation of the dog is discussed. 

2. Portal circulation. Pituitary extracts cause a fall of pressure in 
the portal vein both of the cat and the dog. In the cat this is due to 
selective constriction of the mesenteric arteries and to constriction of 
the hepatic artery. In the dog it is mainly caused by dilatation of the 
hepatic veins (opening of the venous ‘‘sluice” of the dog’s liver). This 
dilator effect on the hepatic veins, produced by pituitrin and pitressin, 
is due to their content of oxytocic substance. (The fall of blood-pressure 
in the fowl after the injection of pituitary extracts is also due to the 
oxytocic principle.) 

I wish to thank both the late Prof. W. E. Dixon and Sir Henry 
Dale, whose advice and criticism have been invaluable at different 
stages of this work. 
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THE RESTING HEAT PRODUCTION OF NERVE. 

By MARY BERESINA. 

(Leningrad.,) 

(From the Department of Physiology and Biochemistry^ University 
College^ London,) 

The rate at which heat is liberated by a muscle at rest on a thermopile 
can be measured directly as a deflection on a galvanometer scale, pro¬ 
vided that certain precautions are taken [see Hill, 1928 a]. These are 
(a) the use of instruments so well insulated that electrical leaks and dis¬ 
turbances do not occur; (6) the employment of a constant temperature 
bath of sufficient accuracy; (c) the avoidance of a vapour pressure dif¬ 
ference between the muscle and the gas in the chamber. If this difference 
be not avoided [Hill and Kupalo v, 1930] large errors may occur due to 
evaporation of, or condensation on, the muscle. 

Similar methods can be used to measure the resting heat production 
of nerve. In the present work a differential nerve thermopile described by 
Downing and Hill [1929] was used together with a Downing moving 
magnet galvanometer (50 ohms resistance, 1 mm. = 4 x 10~^® amp. 
about). Foi the measurement of resting heat a differential thermopile 
has great advantages, since slight fluctuations which cannot be avoided 
in any bath, however well controlled, then produce less instability. A 
gas-regulated thermostat bath was employed, constant to about 0*002° C. 
under good conditions [see Hill, 1930]. To avoid a vapour pressure 
difference it was necessary to soak the nerve in Ringer’s solution for a 
long time before readings were made. For this purpose the nerves must 
be firmly fixed to the thermopile so as not to be washed away by the fluid 
in the chamber. 

In all experiments four sciatic nerves of Hungarian Rana esc, were 
used. After careful dissection they were mounted on the thermopile, each 
nerve running twice along the thermopile face, being wound round the 
two warming electrodes, one at each end. Ringer’s solution was placed in 
the chamber (phosphate 10 mg. per 100 c.c., pH 7*2), the apparatus was 
placed in the bath and oxygen was bubbled through the solution to assist 
in temperature equalization, and to keep the nerve well oxygenated. 
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Nerves appear to take a long time to reach vapour pressure equili¬ 
brium with a surrounding solution, so that dissection usually occurred 
the evening before the experiment. The nerves therefore were soaked in 
Ringer’s fluid all night—about 12 hours. When observations were to 
begin, the solution was removed and replaced by oxygen and in about 
20 min. the first reading of the resting heat rate in oxygen was made. To 
obtain a good average the readings were continued for half an hour. The 
oxygen was then replaced by nitrogen, which had been purified by passing 
over hot copper and moistened by bubbling through water. This passed 
through the chamber rapidly for the first 4 min. and then more slowly. 
The slow passage of nitrogen continued throughout the period of asphyxia. 
This lasted for 3-5 hours; oxygen was then readmitted slowly so as not 
to cause a disturbance, and readings of the heat production during 
recovery from asphyxia were made. 

At the end calibration was carried out with condenser discharges and 
a commutator, as recently described [Hill, 1931]. 

The temperature was about 20® C. throughout. Owing to the 
sensitivity of the arrangements used, variations of temperature in the 
bath, too small or too rapid to be read with a Beckmann thermometer 
graduated in 1/500® C., caused fluctuations in the readings of the resting 
heat rate, serious individually but capable of being avoided by taking an 
average over several minutes. 

The resting heat rate of nerves in oxygen. 

Readings were taken every half minute for half an hour, and then the 
mean deflection for every 5 min. was calculated. 

The following examples illustrate the procedure and the accuracy of 
the results. 

Exp. of Feb. 12, 1932. Nerves dissected Feb. 11 at 7 p.m.; moanted on thermopile at 
7.15 p.m. and put in Ringer’s solution in bath at constant temperature. Fob. 12 at 
10.35 a.m., Ringer’s solution replaced by oxygen; at 10.56 a.m., readings begun. 

Successive readings of the rate of heat production, each the mean for 6 min., were as 
follows, expressed in g. cm. of energy per g. of nerve per minute: 154, 152, 161, 148, 168, 
167, 167, 161; mean 165. 

Exp. of Feb. 15, 1932. Nerves dissected and put in Ringer’s solution on thermopile in 
bath, Feb. 14 at 7 p.m. Next morning at 11.10a.m. solution replaced by oxygen; at 
11,53 a.m. readings begun. Mean for 30 min.; 224 g. cm, of energy per g. of nerve per 
minute. Mean variation of the 6 min. averages from the mean value: 2 p.o. 

The results of eight experiments of the resting heat rate of nerves in 
oxygen are as follows: the total weight of the four nerves employed was 
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about 180 mg.: 156,116,172,134, 186,166, 224, 224; mean 176g. cm. of 
energy per g. of nerve per min., or 4*14 x 10~® cal. per g. per min. 

Tbe mean value agrees closely with that for muscle at the same 
temperature. Hill [1928 a, p. 139] gives 160 g. cm. per g. per min. as a 
^‘reasonable minimum’’ for 20® C. For nerves at rest at 14® C. Gerard 
[1927] found a mean oxygen consumption of 2*7 x 10“^ c.c. per g. per 
min. Extrapolating by means of a temperature coefficient of 2*5 for 
10® C., the value at 20® C. should be 4-7 x 10“^ c.c. per g. per min. 
Taking 6 cal. as equivalent to 1 c.c. of oxygen, Gerard’s extrapolated 
value is equivalent to 2-35 x 10”^ cal. per g. per min., or about 100 g. cm. 
per g. per min. According to Fenn [1927] at 22® C. the resting oxygen 
consumption of frogs’ sciatic nerve is 1-23 x 10“® c.c. per g. per min., 
which, extrapolated to 20® C. by the same temperature coefficient, would 
be 1*03 X 10~® c.c. per g. per min. This is equivalent to 6*16 x lO**® cal. 
or 220 g. cm. per g. per min. The mean value found in the present 
experiments lies almost exactly half-way between those calculated from 
the oxygen measurements of Gerard and Fenn. 

Anaekobic besting heat pboduction. 

When oxygen was replaced by nitrogen, within 15 min. the rate of 
heat production began slowly to decrease. After 40 min. it had fallen to 
75 p.c. of its initial value; at IJ hours to 60 p.c. and at 2^ to 3J hours to 
20-25 p.c. After reaching 20-26 p.c. of its original level the heat rate 
ceased to fall and became constant apparently indefinitely. 

Fig 1 shows the behaviour of the heat rate during anaerobiosis. It 
was not possible to determine how long it remained at the minimum level. 
Four to four and a half hours after removing the Ringer’s solution there 
might occur a slow increase of heat rate overshadowing the previous fall. 
This may have been due either to a decrease of vapour pressure caused 
by anaerobic breakdown or to some genuine heat production resulting 
from the injurious effect of long oxygen want. Observation showed at 
any rate that no significant increase occurred for 30-40 min. after the 
heat rate had fallen to one-quarter or one-fifth of its original level. 

Table I gives in g. cm. per g. per min. the minimum heat rate of a 
resting nerve deprived of oxygen for 2-3 hours. For comparison the 
initial heat rate in oxygen also is given, and in the last column the 
former expressed as a percentage of the latter. 

In order to decide to what degree the failure of the resting heat pro¬ 
duction depends upon the amount of oxygen initially present in the 
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Initially 

Table I. 

Means in successive 

Mean of all 

In Ng as p.4 
of initial 

Date 

in Og 

5 min. in N, 

inNg 

in Og 

20. i. 32 

172 

60 0, 47-6, 49-9, 52 0 

49-9 

28-3 

30. i. 32 

134 

— 

291 

21*7 

2. ii. 32 

224 

42-5, 66-0, 44*4, 44-4, 49*3 

47-8 

21-0 

12. ii. 32 

186 

47-3, 47 0, 47-6, 47-8 

47-3 

260 

15. ii. 32 

224 

42-6, 66 0, 44-4, 44-4, 49-3 

47-8 

21-0 




Fig. 1. Resting heat production of nerve in nitrogen at 2V C. after oxygen or air. 

Left: . AB, First asphyxiation after air. 

- AC, second asphyxiation after recovery in O,. 

Right: . AC, first asphyxiation after Og. 

- AB, second asphyxiation after recovery in air. 


environment, or in the nerve itself, four experiments were done in air 
instead of oxygen. All the conditions were the same, but instead of oxygen, 
air was bubbled through the Ringer’s solution during the night. Then the 
resting heat rate, first in air and after that during asphyxiation, was read. 

The results are given in Table II. 


Date 

18. V. 32 
20. V. 32 
23. V. 32 
25. V. 32 

Mean 


Table II. 


Heat initially Mean minimum 

in air value in N, In N| as p.c. of 

g. cm./g. min. g. cm./g. min. initial in air 


179 37-6 19-3 

238 590 • 23-5 

180 37-4 20-7 

198 5M 25-7 


198-8 


45-5 


22-9 
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Comparing Tables I and II, we see that the resting heat rate and 
the minimum steady level reached during asphyxia are the same in both 
cases; the time, however, for reaching the minimum level for the nerve 
initially in air is less than for that initially in oxygen. If the latter reaches 
this level in about 2^ hours, the former reaches it in about 1J hours. 

Since the experiments in air were done considerably later than those in 
oxygen and partly with a new stock of frogs, several experiments were made 
with double asphyxiation of the same nerve—one after air, the second 
after recovery in oxygen. The order of the experiments was as follows: 

The nerves were kept overnight in Ringer’s solution saturated with 
air, then asphyxiated. After 2-2J hours in nitrogen the nerves were 
recovered by oxygen. After being in oxygen during 2~2J hours the 
second asphyxiation took place and the rate of heat production was 
observed. Another series of experiments was done in the opposite order: 
the first asphyxiation was after oxygen overnight and the second one 
after 2-2^ hours recovery in air. 

Fig. 1 shows the results of two experiments. Here, for comparison, 
all the heat rates are reduced to the same initial level. The dotted line 
shows the first asphyxiation, the full line the second. On May 25 the 
first asphyxiation was after air, on May 24 after oxygen. The full lines 
show the heat rate during asphyxiation after 2^ hours’ recovery in 
oxygen (May 25) and in air (May 24). 

In both cases the rate of decrease of the resting rate of nerves during 
asphyxiation is slightly greater for nerves initially in air, whether this 
asphyxiation was the first or the second of an experiment. 

The mean value of the anaerobic heat rate was 42-4 g. cm. per g. per 
min. This is only two-thirds of the value (65) given by Hill [1928 a, 
p. 141] for muscle in nitrogen at 20° C. Hill’s value was confirmed in 
two experiments made specially on muscle, which gave 72*5, 55*9, mean 
64*2. These values were respectively 45 p.c. and 56 p.c., mean 50 p.c., of 
the heat rate initially in oxygen. The usual ratio of 1 to 2 was found, in 
striking contrast with the case of nerve, where the ratio is 1 to 4 or 1 to 5. 

There is a further difference between muscle and nerve. In muscle 
the fall of resting heat rate is complete in 30-60 min. after oxygen is 
replaced by nitrogen; in nerve the diminishing heat rate continues for not 
less than 2^ hours. Moreover in muscle, as is well known, in recovery 
after asphyxia the amount of excess heat is about equal to the amount 
of heat missed during the period of oxygen want. In nerve, as we shall 
see, the excess is only a small part of the heat missed. 
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The bbcovbby heat peoductioe aetbb asphyxia. 

Fig. 2 shows the behaviour of asphyxiated nerve when oxygen is 
readmitted. The heat rate begins to increase immediately; in 5 twin , it 
reaches the original level and in 10-15 min. it may be 60-60 p.c. above 
the original level. During the next 15 min. a rapid decrease occurs which 



Time: minutes 


Fig. 2. Rate of heat production of nerve in oxygen and in nitrogen at 20° C. Oxygen 
removed at the moment shown by the first arrow and reintroduced at the moment 
shown by the second arrow. 

afterwards becomes slower until a steady level is reached. In one 
experiment only (Fig. 3) was the final level after recovery from 
asphyxia the same as the original level in oxygen. Generally after 
decreasing to 116-120 p.c. of its level, the heat rate began slowly to rise 
again, due to some unknown cause, perhaps to a harmful effect of long 
oxygen want. 
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The maximum heat rate observed during recovery had a mean value 
of about 7 X 10~* cal. per g. per min., which is about seven times the 
minimum heat rate in nitrogen. 

The most striking thing about these results is the smallness of the 
recovery heat in comparison with the heat missed in nitrogen. Let us 
calculate the amounts. 

Exp, of Jan, 7, 1932. 

Mean heat rate of nerve in oxygen 155 g. cm. per g. per min. 

„ nitrogen 79*4 



Fig. 3. Besting heat production of nerve in oxygen, in nitrogen and daring recovery at 
20^ C. Note the return to the original level of recovery. The shaded area represents 
heat assumed to be derived from oxidation after molecular oxygen has been swept 
away. 

Total heat in nitrogen during the whole period of aaphyxiation (3 hours 12 min.) — 
15230 g. cm. per g. 

Total resting heat in oxygen for same period = 29800 g. cm. per g. 

Heat (missed) in nitrogen = 14570 g. cm. per g. 

Recovery heat after oxygen readmitted: 

Mean heat rate 2 hours after 174 g. cm, per g. per 

Total heat during recovery (2 hours) 20800 g. cm. per g. 

Excess heat for this period 20800 -18600 = 2200 g. cm. per g. 

Thus we have: 

Heat missed in nitrogen 14570 g. cm. per g. 

Excess heat during recovery 2200 g. cm. per g 
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It is interesting to compare the excess heat of recovery found here 
with the excess oxygen found by Fenn [1930]. Fenn found that after a 
period of oxygen want nerves consumed an extra amount of oxygen 
which, however, was less than one-quarter and frequently less than one- 
tenth of the oxygen missed during the anaerobic period. The phenomenon 
found here is analogous to that found by Fenn. The extra oxygen and 
the extra heat when oxygen is admitted after asphyxia are presumably 
related. 

The relative smallness of the recovery heat and the recovery oxygen 
may be related to the fact found by Gerard and Meyerhof [1927] that 
lactic acid accumulates in nerve during oxygen deprival but is not 
resynthesized and is scarcely oxidized when oxygen is readmitted. 

Discussion, 

In view of the above results two questions arise: (1) from what source 
does the anaerobic resting heat rate of nerve arise, and (2) to what pro¬ 
cesses can the extra heat production during recovery from asphyxia be 
attributed? 

In the anaerobic heat production there are two phases, their heat being 
derived presumably from different sources. The first corresponds to the 
falling heat rate (from 100 to 25 p.c.) during the first 2-3 hours, the 
second corresponds to the “steady state” reached in 2 or 3 hours and 
lasting probably for many, apart from slight disturbing factors. 

The heat production of the first phase is probably a resultant of two 
processes: (a) the using up of the oxygen store and (6) the anaerobic 
breakdown of some substances, probably chiefly of carbohydrate to 
lactic acid. 

That some oxidative processes take place during anaerobiosis is 
indicated by Gerard’s discovery [1927] that during long asphyxia a 
nerve produces (not merely gives off) about 10 p.c. as much carbon 
dioxide as during the same time in oxygen. The question is what kind of 
oxygen it can be—^whether a true “oxygen store,” the existence of which 
in the nerve is suggested by various authors, or whether molecular oxygen 
initially dissolved in the nerve tissue, which does not escape by diffusion. 

Let us calculate the amount of heat production due to this “ oxidative ” 
process. We can do it assuming that during asphyxia all the heat above 
the minimum steady level (equal to 20-25 p.c. of*the initial level) is 
derived from this source. In Fig. 3 the shaded area represents the heat 
assumed to be so derived. 
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In the experiments of Jan. 7 and Jan. 30 the “oxidative” heat 
calculated in this way during asphyxia had the values 4240 and 2430 
g. cm. per g., and in all the experiments performed the mean value was 
3120 g. cm. per g. This would be enough to last at the full resting heat 
rate in oxygen for about 20 min. 

The total amount of oxygen corresponding to it can be calculated, 
assuming again that 5 cal. are equivalent to 1 c.c. of oxygen: 3120 g. cm. 
per g. is then equivalent to 0*0146 c.c. of oxygen per g. This is quite a 
small amount when we remember that water saturated with oxygen at 
20® contains 0*031 c.c. of oxygen per g., so that nerves containing 80 p.c. 
of water would hold 0*025 c.c. of oxygen per g. in simple solution. 

In what way will this “oxidative” heat be changed in the case of 
nerves initially in air? Since the solubility of oxygen depends upon its 
partial pressure, and taking account of the nerves’ metabolism, the 
amount of oxygen dissolved will be equivalent to about 0*004 c.c. per g. 
If dissolved oxygen were the cause of the “oxidative” heat in question, 
this would be reduced to less than one-fifth by using air. If the heat 
were due to a true oxygen store of some kind it would be nearly 
unchanged. 

Calculated as above, the “oxidative” heat for the experiments of 
May 18, 20, 23 and 25 for the nerve initially kept in air are: 1945, 1470, 
1909 and 2400 g. cm. per g. respectively; mean 1931 g. cm. per g. The 
amount of oxygen corresponding to 1931 g. cm. is 0*0091 c.c. per g. This 
is nearly twice as great as the amount which could initially have been 
dissolved in the water of the nerve. 

What other source of heat could be suggested for the first stage of 
asphyxiation? One possible source is the breakdown of phosphagen to 
creatine and phosphate. According to Gerard and Tupikow [1930] 
labile phosphorus amounting to about 4 mg./lOO g. is broken down in 
asphyxia. According to Hill’s calculation [1932] this would liberate 
1*44 X 10~2 cal. per g. of nerve, which at lO-® cal. per g. per min, would 
last for 14 min. The quantity is so small that although it may have 
something to do with the first falling phase, it cannot explain it alto¬ 
gether. 

It is difficult to say at present in what way the greater rate of 
asphyxiation, for the nerve kept previously in air, can be explained. It 
may be that the diffusion constant for the nerve is much smaller than 
is generally assumed, and more of the oxygen dissolved in the tissue 
could be used during asphyxiation before it diffused away; if so, however, 
owing to metabolism, the amount dissolved in the resting nerve would be 
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less; or it may be that the nerve produces less of the oxygen store if it is 
kept in air. 

The question requires further investigation. At any rate, however, 
even if the diffusion constant for the nerve is so abnormally low that 
nearly all the oxygen dissolved in the tissue can be used by the nerve 
during asphyxiation, an amount of “oxidative” heat remains, which 
cannot be explained without the supposition that the nerve uses oxygen 
in other than molecular form. 

Returning now to the second phase, this probably involves a break¬ 
down of glycogen which is known to occur at an increasing rate, as 
shown by Gerard and Meyerhof [1927]. They found that the rate of 
lactic acid formation is slow during the first hour of oxygen want; about 
3 hours from the beginning of asphyxia it occurs at a steady rate. It is 
interesting to calculate the amount of lactic acid to which the minimum 
heat rate of the asphyxiated nerve would correspond. The calculation 
suggests that all the heat production of this second phase is due to lactic 
acid formation. Taking (as above) 10“® cal. per g. per min. as the mini¬ 
mum steady heat rate in asphyxia at 20° C., and assuming that the 
liberation and neutralization of 1 g. of lactic acid would lead to the pro¬ 
duction of 300 cal., the calculated lactic acid formation is 3*3 x 10~® g. 
per g. of nerve per min., or 2 x 10*~^g. per g. per hour. Gerard and 
Meyerhof, working at 15° C., found over long periods of asphyxia a 
lactic acid formation of 1*25 x 10"^ g. per g. per hour. Applying a 
temperature coefficient of 2-5 to bring their results to 20° C. we get 
almost exactly 2 x 10"^ g. per g. per hour, corresponding to the number 
just calculated from the minimum heat in the present experiment. 

When oxygen is readmitted to the asphyxiated nerve the excess heat 
is 2000-3000 g. cm. per g. This is several times as great as the heat (about 
600 g. cm. per g.) liberated, as calculated above, by phosphagen break¬ 
down. It may in part represent waste energy in the process of phosphagen 
resynthesis under the influence of oxidation. There is no indication at 
present of any other source of, or function for, this heat. 

Summary. 

1. The rate of resting heat production of frogs’ nerve at 20° C. has 
been studied in oxygen and during oxygen lack. 

2. In oxygen it is 176 g. cm. or 4-14x 10“^ cal. per g. of nerve per min. 

3. During asphyxiation the resting heat rate slowly diminishes, 
falling in 3-3J hours to 20 or 25 p.c. of its initial value. 
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4. The mean value of this minimum heat rate during asphyxiation 
was 42*6 g. cm. or 10~® cal. per g. of nerve per min. 

6. When oxygen is readmitted extra heat is produced which is 
(after 3-4 hours anaerobiosis) between 15 and 20 p.c. of the heat missed 
during oxygen want. 

6. The resting heat rate in oxygen corresponds to the oxygen con* 
sumption measured by other observers, and the minimum resting heat 
rate in nitrogen to the lactic acid formation observed by Gerard and 
Meyerhof. The smallness of the recovery heat after asphyxia agrees 
with Fenn’s observation of the smallness of the recovery oxygen under 
the same conditions. 

I am deeply indebted to Prof. A. Y. Hill for his suggestion of the 
present work and for his helpful advice and criticism. My sincere thanks 
are due also to Mr J. L. Parkinson and Mr T. P. Feng for their willing 
assistance throughout the investigation. 
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THE FUNCTION OF THE ADRENAL MEDULLA. 

By E. ANNAU, ST HUSZAK, J. L. SVIRBELYi and 
A. SZENT-GYORGYI. 

(From the Institute of Medical Chemistry^ University Szeged^ Hungary.) 

We have reported in a previous note^ that under certain conditions 
extracts of the adrenal medulla show an activity which cannot be 
explained by the adrenaline present. This activity was apparently due 
to a substance similar to adrenaline, but more potent than the latter. Till 
a chemical name can be substituted we propose to call this substance 
“ Novadrenine.” 

It is not the object of the present paper to give an exhaustive analysis 
of the physiological activity of novadrenine. We only want to give fuller 
evidence of the existence of such a substance, and to call the attention 
of research workers to this field of investigation. The present authors feel 
incompetent to give a definite physiological analysis, and are greatly 
hampered in their work by the lack of material. 

The existence of novadrenine is based on the observation, that under 
certain conditions the potency of adrenal extracts is 10-15 times higher 
than would correspond to their adrenaline content, estimated chemically 
by a colorimetric method. This high activity was only observed if the 
glands were excised soon after death and cooled carefully. In a great 
number of experiments the adrenaline content of the ox medulla was 
estimated colorimetrically and was found to lie between 1-2 mg. per g. 
of tissue, whether the extract showed a high physiological activity or not. 
In active extracts the physiological activity corresponded to an adrenaline 
content of 15-30 mg. of adrenaline per g. of medulla, a difference which 
could hardly be explained by an experimental error. If this latter value 
were correct, the gland would contain 10-15 p.c. of adrenaline by dry 
weight, which is impossible. It was also frequently observed that during 
chemical manipulations the excess activity of the extracts suddenly dis¬ 
appeared, the values obtained by chemical analysis and physiological 
estimation being then in close agreement. 

^ Holder o{ an Ameiioan-Hungarian Exchange Fellowship, 193f-2, from the Institute 
of International Education, New York. 

* Nature, April 9,1932. 

PH. LXXVI. 
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It was thus supposed that the potency of our extracts was partly due 
to the presence of a substance more potent than adrenaline itself. Whether 
this substance, novadrenine, is built up from adrenaline under certain 
conditions, or adrenaline is a cleavage product of the former, cannot be 
stated at present. 

Owing to the lack of a specific chemical reaction for novadrenine, it 
Cannot be stated in what proportion our active extracts contained 
adrenaline and novadrenine. Consequently only a minimum estimate of 
the relative activity can be given. If, for instance, our extract shows a 
potency ten times as great as that corresponding to the adrenaline 
content, we may conclude that novadrenine is at least ten times as active 
as adrenaline. This would be the case, if our extract contained only 
novadrenine, and if adrenaline and novadrenine gave identical colour 
reactions. If, however, only 1 p.c. of the adrenaline was present as 
novadrenine, the latter would be a thousand times as potent as adrenaline. 

It was reported in our preliminary note, that, when given in small 
doses to the cat, novadrenine does not cause a fall of blood-pressure, and 
that in this respect its action differs qualitatively from that of adrenaline. 
This observation, however, could not be verified later, and there is no 
reaction known at present in which novadrenine behaves qualitatively 
in a different way from adrenaline. 

Methods. 

Material, All our experiments were made with ox suprarenal glands. 
The glands were excised as soon as possible after death and placed on 
ice and transported to the laboratory. Here they were chilled at — 20® C. 
The chilled glands were cut open, and medulla and cortex were separated. 
The medullary tissue was minced in a fine mincer with holes of 1 mm. 
diameter. The pulp was suspended in a J p.c. solution of trichloroacetic 
acid, 2 c.c. being used for every gram of the pulp. The suspension was 
rapidly heated to 80® C. and rapidly cooled again. The extract was 
filtered and the clear solution was kept in the refrigerator at — 20® C. 
Extracts were kept here for more than a week without apparent loss of 
activity. 

Colorimetric estimation. The quantity of adrenaline present was 
estimated by the following method. The extract was neutralized with a 
small excess of sodium bicarbonate. Lugol solution was added, till the 
brownish red colour indicated an excess of iodine. The excess of iodine 
was removed by 0*1 jY sodium thiosulphate, leaving a pink colour, which 
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was stable for a minute or so, and could be compared with the colour of a 
known solution of adrenaline. 

This colour reaction was controlled with a number of generally used 
colour reactions, active extracts being compared with adrenaline solu¬ 
tions. We used the reaction with mercury chloride and the persulphate 
test of E wins, both tests being based on the coloured oxidation product 
of adrenaline. We tested the ferric chloride reaction, in which the 
o-dihydroxy groups are estimated. The Folin-Dennis test was also 
used, which is based on the reducing power of adrenaline. All these tests 
gave identical results with our colour test. Only the Folin-Dennis test 



tFig. 1. 


gave higher values with extracts containing hexuronic acid, which acid 
readily reacts with the reagent. Adrenaline added to our extracts was 
readily indicated by our reagent. 

Other methods of extraction, as by cold 5 p.c. trichloroacetic, hot 
0*1 p.c. acetic, or methyl-alcohol showed no advantage. The first was as 
good as the hot J p.c. trichloroacetic, the latter two were distinctly 
inferior. 

Experiments. 

If small doses of adrenaline are compared in the decapitated cat with 
active extracts containing colorimetrically the same amount of adrena¬ 
line, a much stronger pressor response will be given by tlie latter. If the 
ddse of extract is gradually decreased, the dose of adrenaline being kept 
constant, it will be found that one-tenth to one-fifteenth of the dose of 

12--2 
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extract will give a response equal to that with adrenaline. The same is 
the case in cats after decerebration or under ether anaesthesia, provided 
the animal does not give a depressor response, which makes the results 
incomparable. 

Fig. 1 illustrates the point. In this experiment the action of 0*01 mg. 
of natural adrenaline is compared with that of a diluted extract, con¬ 
taining 0*001 mg. of adrenaline, as determined colorimetrically, in a cat 
under ether, (Time tracing, 3 sec.) 

In Fig. 2 the action of 0*05 mg. of adrenaline is compared in a decere¬ 
brated cat with an extract, containing the same amount of adrenaline, 
by colorimetric estimation. 

If the effects of big doses of adrenaline, producing a rise of blood- 
pressure to the maximal height, are compared with those of an extract 
giving an identical colour reaction, the response to the latter will show 
a much longer duration. This is illustrated in Fig. 3 in the rabbit (ether 
anaesthesia). 

If active extracts are compared with adrenaline, for activity on an 
isolated loop of rabbit’s intestine, the inhibitor action of the extract will 
be found much stronger. Equally strong inhibitor actions are produced 
by adrenaline and by the extract, when the latter contains 10-16 times 
less adrenaline as measured colorimetrically. 

In the Trendelenburg frog preparation a similar difference is found 
in the vaso-constrictor activity. 

Summary. 

The fresh adrenal medulla contains under certain conditions a sub¬ 
stance having a more potent pressor action on the blood-pressure, and 
a more potent inhibitor action on the isolated gut than adrenaline. The 
substance is called “novadrenine.” The results are discussed and sup¬ 
ported by figures. 

We are indebted to Sir H. H. Dale for personal mention of some 
observations of his own, and for helpful criticism of our results. 

This research was sponsored by the Ella Sachs Plots Foundation. 
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Note on the prbfabation of obystallinb adbekaiinb. 

By the following method this can be done without the use of alkali. It is hoped that 
the separation of crystalline novadrenine, in the hands of workers in command of suitable 
material, may thus become possible. 

The trichloroacetic extract (300 c.c.) is neutralized with NaOH and concentrated 
in vacuo at a low temperature to a small volume (3-5 c.c.). Gradually about 60 c.c. of 
methyl-alcohol are added, the inactive precipitate separated, and the fluid concentrated 
again in vacuo to an oily liquid. To this, 5 c.c. of methyl-alcohol and then 15 o.o. of acetone 
are added. The oily precipitate is separated on the centrifuge. To this precipitate again 
5 c.c. of methyl-alcohol are added. After centrifuging ofl the inactive precipitate, 15 o.o. 
of acetone are added to the fluid. Again the precipitate is separated and discarded. To 
the two combined acetone-alcohol solutions a solution of ferrous chloride in aqueous acetone 
is added. This ferrous reagent is prepared by adding 9 parts of acetone to a saturated 
watery solution of the salt. After the precipitated excess of the salt has settled, the super¬ 
natant clear liquid is used. 

On addition of the ferrous reagent a deep purple-blue precipitate separates consisting 
of the ferrous complex of adrenaline. This precipitate forms only at neutral reaction. On 
addition of the ferrous reagent the solution turns acid and must be neutralized with an 
acetone solution of ammonia (1 part of strong watery solution of ammonia and 4 parts of 
acetone). The ferrous reagent and ammonia are alternately added till, at neutral reaction, 
no more coloured precipitate is formed in the presence of iron. The precipitate leaves a 
slightly coloured blue liquid behind. The precipitate is separated on a Buchner funnel, 
suspended in little water (15 c.c.), and a vigorous current of is passed through. The 
fluid is quickly filtered on a Biichner. Very soon the crystallization of adrenaline begins, 
which is completed by cooling in an atmosphere of nitrogen. 

The mother liquor contains only about 0-2 mg. of adrenaline per c.c. The yield is nearly 
2 mg. of adrenaline per gram of medulla, which is not far from the total adrenaline content 
of the gland. The method can be applied with the same result to extracts of the whole 
gland. 

If the preparation of novadreninc is attempted, possibly low temperatures should be 
applied for the concentration of the extract. Novadrenine is also carried down by the 
ferrous reagent, and can be liberated by H,S without losing its activity. 
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THE SUPERNORMAL PHASE IN MUSCULAR 
CONTRACTION. 

By TAKEO KAMADA. 

(From the Department of Physiology and Biochemistry, 
University College, London.) 

The isometric response of a muscle to a single shock can be measured, 
not only by the maximum tension developed, but by the area of the 
tension-time curve. The importance of tension-time is that it is the basis 



Fig. 1. Attainmont of steady state during regular series of twitches. Gastrocnemius at 
0° C. in 0, Ringer. Horizontally, order of twitch in regular series; vertically, response 
(tension-time) as galvanometer deflection (mm.). 

The three series were made in order: 2 min. intervals, 1 min. intervals, } min. 
intervals. After the first two series a long rest was given. 

of the maintained contraction: the “economy” of a tetanus depends 
upon the “area” of a single twitch. The method described below allows 
the integration necessary for determining the tensidh-time to be per¬ 
formed instrumentally and the results to be read as the ballistic deflection 
of a galvanometer. 
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Becorded as tension-time the response of a muscle to a single shock 
shows a striking supernormal phase [Hartree and Hill, 1921] in the 
sense that at a suitable interval the response to a second shock is greater 
than that to the first one. Other aspects of this supernormal state have 
been referred to recently by Hill [1931 a, p. 296] and by Bushton 
[1932, p. 244]. In the present research its characteristics have been 
further investigated. 



Order of twitches 


Fig. 2. Change in steady state due to change of interval between twitches. Gastrocnemius 
at 0°C. in Oj Ringer. Horizontally, order of twitch in regular series; vertically, 
response (tension-time) as galvanometer deflection (mm.). 

The series with 2 min. intervals (solid circles) occurred first. After the establish¬ 
ment of a steady state (level B) the interval was diminished to 1 min. (double circles). 
When the new steady state (level A) was established the interval was changed back 
to 2 min. and a third steady state was found at the same level B as before (solid 
circles). After about one hour’s rest the muscle was stimulated again in a regular 
series at 1 min. intervals (hollow circles); the steady state was now reached at level A. 

If a regular series of shocks be given to a muscle at not too high a 
rate the tension-time response (hereafter referred to as the response) 
increases until it reaches (apart from the onset of fatigue) a stationary 
level (see Fig. 1). Increasing the interval then causes a fall, decreasing 
the interval a rise in the level (see Fig. 2). If at any moment after one 
of the shocks of such a series an extra shock be interpolated, the response 
is greater or less according to the relations described below. 
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Method. 

A differential cuprous oxide photoelectric cell was employed, as sug¬ 
gested by Hill [1931 6]. It was joined to a slow sensitive moving coil 
galvanometer employed ballistically. The gastrocnemius of a small Dutch 
frog {R. esc,) was connected by a wire to an isometric spring myograph, 
from the mirror of which a strong beam of light was reflected on to the 
middle of the cell. When the muscle contracted, the beam of light moved 
and generated a current in the cell. The amount of current so generated 
and recorded by the galvanometer was proportional to the tension-time. 

The muscle was stimulated by single super-maximal induction shocks 
through its nerve. Two Harvard coils placed at right angles on the table 
were adjusted to give identical shocks, their secondaries being arranged 
in series with the electrodes. The time interval was regulated by a Lucas 
revolving contact breaker, with one key in the primary of each coil. 
When many successive shocks were given the cam contact breaker 
described by Gerard, Hill and Zotterman [1927] was used with a 
single coil. The preparation was immersed in phosphate Ringer’s solution 
(pH 7*2), oxygen or nitrogen being passed continuously. 

Results. 

When a muscle was stimulated at regular intervals with single shocks, 
the response increased gradually to a constant value (Fig. 1). During 
this ‘‘steady state ” the response depends on the interval between shocks, 
being greater with shorter intervals. Usually the steady state was stable, 
except in the absence of oxygen, when fatigue set in. The supernormal 
phase was tested after the establishment of the steady state by inter¬ 
polating an extra shook. The muscle then had to contract twice in one 
interval, so that the next regular shock gave a slightly greater response. 
Continuing, however, with the regular series the steady condition was 
re-established. 

Following this routine, the supernormal effect at the second of two 
stimuli was determined with various intervals. Two different stages are 
found: (a) the relatively refractory phase, in which the second response 
is less than the first; (6) the supernormal phase, lasting up to the next 
regular shock, in which the second response is the greater. A third, but 
artificial, subnormal phase is then found in which, owiilg to the necessary 
omission of the next regular shock if an interval greater than that of the 
series is to be employed, the response is less than in the series. 
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Table I. Gastrocnemius at 0° 0. in Og Ringer: regular series at 1 min. intervals. The 
supernormal value was obtained by subtracting double the regular response from the 
summated response (or when possible the regular response from that to the inter¬ 
polated shock). With intervals more than 2 sec. the galvanometer was short-circuited 
during the first response: then the short-circuit was opened, so as to obtain the second 
response only. 

Interval between shocks (sec.): 

0*1 0-75 1-25 1-76 7 20 30 45 60 76 90 120 

Supernormal effect (p.c.): 

~63 +36 +34 +34 +35 +15 +13 +4 0 -2 -7 -10 

When, during a regular series of shocks, a single one is replaced by 
a group in rapid succession, the extra activity disturbs the steady state 
and the next response in the regular series is enhanced. 

Table II. Gastrocnemius at 0° C. in Og Ringer: regular series at 1 min. intervals. Excess 
of response at next regular shock as the result of extra activity immediately following 
a shock of the regular series. (Extra activity represented by number of extra shocks 
at 0*5 sec. intervals.) 

Extra shocks 1 2 3 6 9 14 

Excess response (p.c.) 5 8 11 15 18 20 

The supernormal phase following a single shock can clearly be re¬ 
garded as the first step in the establishment of a new steady state. This 
is true even of as short an interval as 0-5 sec. at 9° C. In such a case 
each shock is applied during and not after the previous contraction, and 
the total effect of a group of shocks must be read as a whole. With the 
longer groups the galvanometer had to be employed beyond the range of 
its ballistic proportionality, and a correction was employed by means of 
an experimental curve relating deflection to duration of illumination 


Table III. Gastrocnemius at 9*4° C. in 0, Ringer: regular series at 1 min. intervals. 


Sequence of 
observations 

„ .A. 

1 

2 

3 

4 

5 

6 


No. of Mean super- 
extra shocks normal effect of 



0*5 sec. 

extra shocks 

Average 


apart 

p.o. 

p.c. 



35 




36 

34 

12 

1 

33 


11 

5 

65 

86 

76 

10 

10 

104 

129 

117 

9 

20 

136 

135 

136 

8 

30 

156 

140 

148 


40 

133 

133 


7 
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of the photoelectric cell by an tmsyiametrical light spot. See Fig. 3 and 
Table III. 

At higher temperatures the phenomena of the supernormal phase 
are not so evident, and the time intervals at which they must be sought 
are much less. At 20° C., for example, an interval of 6 sec. should corre¬ 
spond approximately to one of 1 min. at 0° C. In the paper by Hill 
[1931 a. Fig. 9, p. 296] there are obvious supernormal responses to the 
later shocks of a 0*9 sec. and a 0*6 sec. series at 20*2° 0. Since the 



Fig. 3. Constructed from Table III. Horizontally, number of extra shocks at 0*5 sec. 
intervals given immediately after one of a regular series of shocks at 1 min. intervals; 
vertically, mean supernormal effect, i,e. mean response of extra shocks in excess of 
response in regular series expressed as a percentage of the latter. Gastrocnemius at 
9-4° C. in O, Ringer. 


intervals required are longer and the phenomena are more evident at 
the lower temperature, attention in the present research has been directed 
chiefly to these. 

Discussion. 

It has been shown that the tension-time response is greater, after a 
short interval during which it is less, the less complete the return of the 
muscle is to its resting or steady condition at the moment of response. 
There are two factors in this increase of the area of the tension-time 
curve, namely the usual staircase effect and the “slowing” effect recently 
referred to by Hill [1931 a, Fig. 9], The latter factor seems to be much 
the more important. 

The supernormal phase in the thermal response and that in the 
mechanical response are independent of each other [see Hartree and 
Hill, 1921, Pig. 6]. There are various other forms of response in which 
a supernormal phase has been reported, e.g, in the electric response 
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[Samojloff, 1908; Adrian and Lucas, 1912], in the height of isotonic 
contraction under certain conditions [Bremer and Hornes, 1932] and 
in the return of excitability [Adrian and Lucas, 1912; Cooper, 1924]. 
Whether there is any connection between the various supernormal 
phenomena is not certain. 

SUMMABY. 

If a regular series of single shocks be given to a gastrocnemius muscle 
through its nerve its tension-time response increases until a stationary 
level is attained. Increasing the stimulation interval causes a fall, de¬ 
creasing the interval a rise in the level, so far as this is not affected by 
the onset of fatigue or by the relatively refractory period. 

The so-called supernormal response, at least in the case of the tension¬ 
time of a contraction, can be regarded as the first step towards a change 
in the steady level due to a sudden change of the stimulation interval. 

I am deeply indebted to Prof. A. V. Hill who suggested the method, 
and under whose kind direction and help the work was carried out. To 
Mr J. L. Parkinson I wish to express my thanks for his assistance in 
the technique. 
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THE EFFECT OF INJECTIONS OF EXTRACTS OF 
ADRENAL CORTEX ON THE DEVELOPMENT AND 
SEX FUNCTIONS OF THE ALBINO MOUSE. 

By R. a. CLEGHORN. 

(From the Department of Physiology, The University, Aberdeen.) 

In a previous paper [Cleghorn, 1932] proof is given of the activity of 
extracts of beef adrenal cortex prepared according to the method of 
Swingle and Pfiffner [1931]. It was indicated there that observation 
of the elSect of this material on the sex functions supplied an excellent 
means for the experimental test of the averred relationship between 
them and the adrenal cortex. This has already been tried but with 
conflicting results. Connor [1931] found that rats injected with 
Swingle and Pfiffner’s extract matured no faster than controls, as 
judged by the time of opening of the vagina, vaginal smears in the female 
and the behaviour of males to females in oestrus. Nor did he find the 
oestrous cycle of adult rats to be interrupted by injections of the extract. 
Previously [1930] he had reported that the injection of hens with a crude 
watery extract of beef adrenal cortex caused cessation of laying, atrophy 
and degeneration of the ovaries and delay in the development of young 
chickens. This extract, he claims in his later publication, interrupts the 
oestrous cycle of rats. 

Contrary to Connor’s [1931] report are the findings of Corey and 
Britton [1931a, 6]. These workers claim to have produced precocious 
maturation of the sex glands of young albino rats by injections of 
Swingle and Pfiffner’s extract. Changes were not so marked in the 
testes as in the ovaries. The weight increases of the test animals were 
from 10 to 18 p.c. greater than those of the controls. 

The work herein described constitutes a further tfttempt at the ex¬ 
perimental elucidation of the averred relationship between the adrenal 
cortex and the gonads, using extracts of adrenal cortex. 



194 


R. A. CLEOHORN. 


Material. 

The albino mouse was selected as the test object on account of its 
convenient size and easily observed sex phenomena. The chief extract 
used for injecting the mice was prepared according to the method of 
Swingle and Pfiffner, to which reference has already been made. 
A crude watery extract was used in a few experiments and these are 
detailed in part (6), 

The mice forming the initial stock were secured from a reputable 
London dealer. They were kept in a warm room, temperature 70-80® F., 
and fed regularly on a diet of bread soaked in milk, crushed oats and 
millet seed, with a constant supply of water. Under these circumstances 
regular oestrous cycles were observed and no difficulty experienced in 
breeding the animals. Our experience accords with that of Wyman 
fl928] and others, namely that low temperature and inadequate diet 
interfere with the reproductive functions of the rodent. 

(a) The effect of injections of extracts op adrenal cortex 

ON THE GROWTH AND MATURATION OP MICE. 

The criteria selected for judging the effect of the injected extracts 
were: 

(1) Growth (body weight and testis weight). 

(2) Maturation. Age of opening of the vagina. This is held to be an 
accurate index of physiological maturity since, according to Engle and 
Rosas CO [1927], oestrus, and hence ovulation, usually occurs within 
24 hours after the vagina opens. 

Of the litters of ten mice, totalling 66 young, 39 were used—18 as 
test, and 21 as control animals. 

Two litters born on the same day constituted an experimental unit 
of test and control groups. There were four such units. The size of the 
litters was equalized at birth by discarding from the larger, and in three 
of the units half the young were transferred from the prospective test 
group to the control group and vice versa^ in order to control genetic 
factors which might influence growth and sex development. The litters 
in the fourth unit were not interchanged, but the results are so similar 
to the others in detail as to make it probable that consideration of the 
genetic factor is unnecessary. Two additional litters were observed as 
extra controls. 

All injections were administered subcutaneously and no untoward 
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reaction was seen to occur. Of the six mice that died two were killed 
by the needle and four from unknown causes. Injections of beef cortical 
extract 1/20 c.c. twice daily, i.e. the equivalent of the cortex of one beef 
adrenal (6g.), were administered throughout the lactation period of 
3 weeks to the mother mouse of the test litter. The mother of the control 
group was injected with extract inactivated by boiling, or with saline 
in equal amounts. The young mice were weighed on weaning and twice 
weekly thereafter. Injections were begun on the 21st day, the test mice 
receiving 1/20 c.c. active extract twice daily for 2 weeks, then 1/10 c.c. 
twice daily for 2 weeks. The controls were injected with inactivated 
extract or saline in similar amounts. 

Results, 

Only the initial and final body weights need be given along with the 
combined weight of the testes taken at the end of the experiment. 

Table I. 

Males 


Females 







Combi 

ned wt. 

^ - 

_A. 


-^ 

Initial wt. (g.) 

Final wt. (g.) 

Testes (g.) 

Initial wt. (g.) 

Final wt. (g.) 

Exp. 

^- 

^^ 

- 

-A-^ 

t -- 

^ 

^ - 

A-^ 

/- 

A-^ 

No. 

Test 

Control 

Test 

Control 

Test 

Control 

Test 

Control 

Test 

Control 

I 

— 

6*0 

— 

137 

_ 

0 12 

7*7 

7*4 

18*4 

16*3 


— 

7*3 

— 

190 

— 

0*15 

7*8 

— 

17*6 

— 


— 

6-8 

— 

15*4 

— 

0*12 

7*4 

— 

15*7 

— 








7*1 

— 

14*5 

— 








7*2 

— 

16*2 

— 








7*0 

— 

15*8 

— 

II 

8-1 

7'2 

17*3 

19*0 

016 

0*185 

8*0 

8*8 

20*1 

16*0 


7-4 

7*9 

17*0 

16*8 

0*16 

0*185 

7*3 

9*3 

17*7 

16*0 


70 

—• 

15*9 

— 

0*13 






III 

4*6 

3*8 

13*6 

12*9 

0*10 

0*10 

5*5 

5*6 

11*1 

13*9 








5*6 

3*7 

13*8 

12*2 








6*5 

4*9 

Died 

13*4 

IV 

8*2 

9*2 

14*6 

18*2 

0*126 

0*185 

8*0 

7*7 

16*0 

14*4 


8*0 

7*7 

16*7 

18*3 

0*126 

0*166 

— 

8*2 

— 

15*3 

Extra 


7*1 


14*6 

_ 

0*12 





Control 


6*6 

— 

13*4 

— 

0*12 





Group I 


7*7 

— 

12*9 

— 

0*12 





Average 


6*9 

15*8 

15-8 

0*131 

0*143 

7*0 

6*9 

16*1 

14*7 


Initial weights on 21st day. Final weights in Exp. I on Slst day, others on 40th. 
Extra Control Group II is not included here since final weight was taken on 40th day. 


Consideration of Table I shows the average weight of the testes of 
the test animals to be 8*3 p.c. less than that of the controls, and the 
final weight of the test females 8*7 p.c. greater than the controls. 
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Table II shows that there was no substantial difference between the 
test and control groups in either average weight or age at the time of 
opening of the vagina. The average of 31*6 days for the occurrence of 


Table II. 


Weights at 

vaginal opening (g.) Age at opening (days) 

_ K _ __A-. 


Exp. No. 

Test 

^ - 

Control 

Test 

Control 

I 

12-5 

13-4 

31 

31 


12-8 

— 

31 

— 


11-8 

— 

31 

— 


11-8 

— 

38 

— 


11-7 

— 

38 

— 


10-5 

— 

31 

— 

II 

12-3 

10-8 

29 

30 


12-2 

12-4 

29 

32 

III 

9-8 

10-9 

35 

37 


9-8 

7*5 

35 

33 


9-6 

8-6 

33 

33 

IV 

12-7 

10-4 

29 

29 


— 

12-6 

— 

32 

Extra Control 

_ 

13-6 

— 

30 

Group n 

— 

14-5 

_ — 

28 

Average 

11-6 

11-4 

32-5 

31*5 


this phenomenon in the controls appears early compared to the range 
of 6-7 weeks given by Parkes [1929], but is in close agreement with 
that of Engle and Rosasco [1927], who found that the first appearance 
of oestrus in 100 mice occurred from the 28th to the 49th day, with a 
median at the 35th day. This discrepancy may be explained by genetic 
factors [Mirskaia and Crew, 1930]. It may be mentioned here that 
the term “sexual maturity” does not necessarily imply the occurrence 
of first oestrus and ovulation. Parkes [1925] has used it “to mean the 
capacity of the sex organs to fimction.” 


(6) The effect of injections of extracts of adrenal cortex 
ON the (ESTROUS cycle. 

The oestrous cycle was observed by the vaginal smear technique in 
a number of adult female mice for a period of weeks. The periods of 
cornification, or oestrus, and the dioestrous interval varied in different 
animals, but the usual length of the cycle was 5-7 days. All injections 
were made subcutaneously. 
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(1) Effect of Swingle and Pfiffner^s extract, 

Exp. i. Six mice with regular cycles were injected daily for a week 
with 1/10 c.c. of extract inactivated by boiling, and then with a similar 
amoxmt of active extract for 2 weeks. In the chart below the cestrous 
cycles are recorded just before and dmring the experiment: 

Mouse 

No. 

5 00000--0100--000 1 AO--00-0 100-00--0000 

6 OOOO-I--0000-- I A-00--0000I-0000 

30 0000--0010-I AO-000-|-000 

1 0000-I-OOO-|A00O-0000 I--00 

11 00 - 0100 - 00 I AO-00 - 000-1-000 

17 000000- -0010- -000- 1 A-0000- -00000- - 1 0000 

0 means oestrus; - dioestrus; I injections of inactivated extract begun; at A daily in¬ 
jection of active extract begun. The vertical line indicates cessation of injections. 

The obvious objection to this experiment is that an interval was not 
allowed between the control and test injections, so that it is difficult to 
say whether the subsequent disturbances which sometimes occurred in 
the cycles were due to the specific infiuence of the active extract or 
merely to the injections per se. The latter interpretation appears probable 
from the occurrence of the prolongation of the dioestrous interval in 
No. 30 during the injections of inactivated extract and the absence of 
any disturbance of the cycle of No. 17 with either type of injection. 

Exp. ii. This was performed with five mice, two of which had been 
used in Exp. i whose cycles were of proved regularity. The remaining 
three mice had somewhat less regular cycles. They all got 1/5 c.c. of 
active extract twice daily. 

Motue 

No, 

1 00--OOOA-000 - 0000 1- 

2 0000--AOOOOOO-0000 | 00 - 00000 

32 00--OOOO-A-00000-- I 000 

33 0-OOAOOOOOO- - | - -00 

34 0-OAOO-00- I-(80*b8) 

The large dose of extract injected did not summarily terminate 
oestrus in any of the mice, although prolongation of dioestrus is noticeable 
in No. 1. This mouse looked dirty and unkempt and had but two periods 
of oestrus in the subsequent 6 weeks. No. 34 developed scabs, sufficient 
explanation for the prolonged dioestrus, and had to be killed. 

It is apparent then that injections of this type oj extract of beef 
adrenal cortex do not immediately terminate oestrus. The frequent pro¬ 
longation of the dioestrous interval seen during or following such in- 
PH. LXXVI. 13 
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jections cannot be held to be specifically the effect of the extract per se, 
since control experiments in which inactivated extract was used gave 
similar prolongation, and we have also observed this with saline injec¬ 
tions. Connor [1931], too, has recorded a similar occurrence in rats 
with adrenaline injections. 

Connor also reports an experiment in which 13 female rats were 
injected daily with 2 c.c. of extract made by macerating fresh beef 
cortex with an equal amount of Kinger’s solution and filtering through 
a Seitz, with the result that oestrus was suppressed in seven, and ap¬ 
peared irregularly in the other five. These results were the reason for 
the following experiment: 

(2) TJie effect of watery extract of beef adrenal cortex. 

Exp. For each day’s injection of extract fresh glands were secure^,, 
except on two occasions when glands were not available, so that extract 
made on one day had to be used on the second also. Dissected cortex 
was minced and mixed with an equal amount of Ringer’s solution and 
left in the refrigerator for an hour. Mice Nos. 12, 17, 32, 33 and 35 were 
injected twice daily for 3 days with 0*3 c.c. of the fluid filtered from the 
above gland mixture through a coarse filter paper in a Buchner funnel. 
Subsequently they, and the other mice from the beginning, received 
0*4 c.c. twice daily of extract obtained by centrifuging the fluid strained 
through muslin from the gland-Ringer mixture and filtering through a 
Seitz. 

Since an adult mouse has a weight of about one-seventh that of an 
adult rat, the amount of the dose is relatively greater than that used 
by Connor. 

The oestrous cycles of the mice before and after injections are recorded 
below: 

Mouse 

No. 

12 OOO-OTOOOO-00--dead 

17 O-OOTOOO-00000 - 0 |0- 

32 0--0T00 - 0000 1 00000 

33 0-TOOO-100000 

35 O-TOOO- -00- -0 1- 

42 -0000- -TOOOOO I- 

62 00-TOOOO-I- 

T means injections started. Vertical line, stopped. 

It is evident that in no case did oestrus cease immediately injections 
were begun, as noted by Connor in his similar experiment with rats. 
CEstrus also recurred in five of the mice during the period of injections. 
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In two cases oestrus did not recur during the period of injections or in 
the days of observation subsequently* There is a tendency to prolonga¬ 
tion of the dioestrous interval. 

Discussion. 

These results indicate that injections of Swingle and Pfiffner’s 
extract of adrenal cortex do not affect growth and maturation in mice, 
and they are substantially in agreement with those of Connor in which 
rats were used. The occurrence of considerable individual variation 
makes questionable the significance of the observations that the average 
weight of the testes in the test group was 8*3 p.c. less than in the controls, 
and that there was a preponderance of 8*7 p.c. in body weight of the test 
females. On the other hand the excess weight of 10-18 p.c., shown by 
the test groups to controls in Corey and Britton’s experiments, may 
be significant, for these workers also showed that the ovaries of injected 
animals were stimulated to mature more rapidly than normal. However, 
the fact that opening of the vagina in our test animals did not occur at 
an earlier date than in the controls is held to be sound evidence that 
maturation cannot have been accelerated. 

In seeking an explanation for the apparent discrepancy in these 
results, the question of dose first arises. Corey and Britton record 
early maturation and 10 p.c. weight excess in litters 11 and 13 in which 
the dose was 1 c.c. on alternate days. The average weight of these rats 
was about 50 g. The average weight of the mice at the same age (5 weeks) 
was about 13 g., the dose 1/10 c.c. daily, though they subsequently re¬ 
ceived twice this amount. These are closely comparable doses, presuming 
that the extracts were of equal strength, and as shown elsewhere 
[Cleghorn, 1932] the extract used in these experiments was effective 
in combating adrenal insufficiency in cats; as little as 7*5 c.c. restoring 
a prostrate cat to activity. At the same time it must be noted that the 
extracts used in the foregoing experiments contained a substance, pro¬ 
bably histamine, having a deleterious effect on young rats and mice 
when injected intraperitoneally, and that this may have masked any 
growth or maturation effect that might otherwise have been evident. 

Concerning the effect of cortical extracts on the oestrous cycle, the 
results with the Swingle and Pfiffner extract reported here are in 
accord with Connor’s findings. Such disturbances of the oestrous cycle 
as are seen in some of the mice may be fairly considered non-specific 
for reasons stated. The marked interference with the cycle of rats 

13—2 



200 


R. Ai CLEGHORN. 


injected with watery extract reported by Connor is not confirmed by 
similar experiments with mice. We venture to suggest that the inter¬ 
ference may be due to non-specific causes and not evidence of a “sex- 
affecting portion ” of the adrenal cortex. 

Summary. 

1. The final average weight of young female mice, injected daily for 
a period of 4 weeks with an extract of adrenal cortex made according 
to the method of Swingle and Pfiffner, is 8*7 p.c. greater than the 
controls. There was no observable difference in the final average weight 
of test and control males. The final average weight of the testes of the 
test males is 8*3 p.c. less than that of the controls. These weight differ¬ 
ences are not held to be significant. 

2. The injection of this type of extract has no appreciable influence 
on the age of maturation of young female mice as judged by the opening 
of the vagina, nor has it any specific effect on the sex function of the 
adult female mouse as judged by its effect on the oestrous cycle. 

3. The injection of a watery extract of beef adrenal cortex does not 
cause the cessation of oestrus, and the frequent prolongation of the 
dioestrous interval that follows such injection can only be attributed to 
non-specific influences. 

I wish to thank Prof. J. J. E. Macleod, F.R.S., for his helpful 
criticism, and Dr A. S. Parkes for advice on several points. 
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THE REFRACTORY PERIOD OF MAMMALIAN CARDIAC 
MUSCLE, WITH ESPECIAL REFERENCE 
TO PURKINJE TISSUE. 

By a. S. DALEi and A. N. DRURY2. 

(From the Departments of Physiology and Pathology^ 

University of Cambridge.) 

The observations of Mines [1913] on the frog’s heart suggest that the 
refractory period of the ventricular muscle shortens as the rate of beating 
is raised. Lewis, Drury and Bulger [1921] demonstrated this relation 
in the auricular muscle of the dog, while recently Tso [1930] has pub¬ 
lished some observations on the frog’s ventricle which confirm the findings 
of Mines [1913]. 

That the refractory period decreases as the rate of beating is raised, 
appears to be a property of cardiac muscle. 

In all these observations the stimulating shocks, which test the re¬ 
fractory period, have been sent in at one point, and the response of the 
muscle has been recorded either from paired electrodes placed a short 
distance away on the muscle [Lewis, Drury and Bulger, 1921] or 
from electrodes placed upon the base and apex of the heart [Mines, 
1913; Tso, 1930], A conduction factor is therefore introduced, and the 
refractory period measurement is not necessarily of the earliest moment 
at which the muscle beneath the stimulating electrodes will respond, 
but of that at which the response will travel to a distance through the 
muscle. From the point of view of the heart beat, this measurement is 
of interest, but the conduction factor must not be overlooked when the 
actual properties of the muscle cell are under consideration. It is 
probable that, under physiological conditions, identical measurements 
will be obtained with the above method and with those in which the 
response is recorded at the actual point of stimulation [Andrus and 
Carter, 1930]. When the heart is poisoned by drugs the two measure¬ 
ments will differ, for it has been shown by Drury gnd Love [1926] 
that, in the veratrine poisoned frog’s heart, the muscle beneath the 

^ deorge Henry Lewes Student, formerly Yarrow Student of Girton College, 

* Working on behalf of the Medical Research Council. 
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stimulators responds at a moment considerably earlier than that at which 
its response can travel even a short distance away. 

To distinguish between these two refractory period measurements 
Lewis and Drury [1926] suggested the terms ‘‘efiEective refractory 
period” for those measurements in which the response must be con¬ 
ducted to a distance, reserving the term ‘‘absolute refractory period” 
for measurements in which the conduction factor is eliminated. 

In this paper we are primarily concerned with observations upon the 
refractory period^ of the perfused rabbit’s ventricle. In earlier experi¬ 
ments we were unable to find the accepted relationship between re¬ 
fractory period and the rate of beating. We thought that this might be 
due to the fact that the nutritive and mechanical conditions are very 
different in the perfused organ, but this conclusion was not supported 
by further experiments. These and associated experiments have led us 
to conclude that, in such a preparation, the refractory period measure¬ 
ments obtained are not those of ventricular muscle but of a mixed tissue 
containing muscle and Purkinje fibres. 

The perfused rabbit’s ventricle. 

The rabbits were killed by a blow on the head, and the hearts quickly 
removed from the thorax. They were perfused in the usual manner 
through a cannula inserted into the aorta, with a Kinger’s fluid of the 
following composition: NaCl, 0-92 p.c.; KCl, 0*04 p.c.; CaClg, 0-024 p.c.; 
NaHCOg, 0-015 p.c. This fluid was brought to a pH of 7-2~7-4, and was 
continually oxygenated by bubbling oxygen through it. 

Although such evidence as exists strongly suggests that the vagus 
fibres do not influence the ventricular muscle [Drury, 1923; Roth- 
berger and Scherf, 1930; Dale, 1930], it has been shown that the 
rhythmic shocks stimulate the vagal fibres in the auricular muscle of 
the dog and definitely influence the refractory period [Lewis, Drury 
and Bulger, 1921], Atropine sulphate was added as a measure of pre¬ 
caution, in doses of 0-2~l c.c.of a 1 p.c. solution to each litre of perfusion 
fluid. 

The refractory period was measured in the following manner. Fish¬ 
hook electrodes were fixed into the epicardium of either the right or left 
ventricular muscle and paired non-polarizable electrodes connected to 
a galvanometer string applied a short distance away. The heart was 

^ All our measurements are of the “effective refractory period” except those in which 
the contrary is stated. 
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driven rhythmically from the fish-hook electrodes and an extra shock 
about ten times threshold value passed through the same electrodes, 
using the apparatus already described [Drury, 1925]. With a double 
string carrier in the galvanometer the shocks were recorded with 
one string, and the response of the ventricle simultaneously with the 
other^. To maintain a zero pressure in the ventricles, openings were 
freely made into the chambers. The sino-auricular node was cooled 
by placing a small metal tube upon it, through which ice-cold water 
flowed, or alternatively the a.-v. bundle was cut. This gave a slow 
natural rhythm and allowed the period to be tested at low rates of 
beating. As the preparation is slowly deteriorating, and the temperature 
of the heart susceptible to change with varying coronary flow, observa¬ 
tions over a range of rates must be made as quickly as possible. It is 
only justifiable to compare values obtained in such a series and not those 
obtained at different stages of the same experiment. 

The results typical of such experiments are shown in Table I. From 
these measurements it is clear that the absolute refractory period of both 
right and left ventricular muscle remains relatively constant over a 
considerable range of rates. In some experiments (0.8.12 a and 5), a 
slight decrease in the period occurs as the rate of beating is raised, but 
it is not so great as would be expected for the heart in situ over the 
same range of rates. 

The perfused heart, even with a well-oxygenated saline, must be 
considered relatively anoxaemic. To determine whether this was a factor 
in the results, blood Ringer was used as a perfusate. The animal was 
anaesthetized and bled from the carotid artery prior to removal of the 
heart. This blood was defibrinated and added to the perfusate, in amounts 
varying from 20 to 30 c.c. to 1 litre of Ringer’s solution. The measure¬ 
ments obtained in these experiments did not differ materially from those 
obtained from hearts perfused with Ringer’s solution. In two experi¬ 
ments the heart was perfused with whole defibrinated blood, for apart 
from the question of oxygen supply the saline perfusates differ from 
blood not only in their chemical composition but also in their viscosity, 
and it was thought that this might exert an influence. It was found 
possible, by returning the blood to the perfusion bottle immediately it 
left the heart, to work with 200 c.c. of defibrinated blood. Of this 150 c.c. 

^ In later experiments, the second string was dispensed with,*the primary current of 
the stimulators being passed through a low-resistance loud speaker unit. The movements 
of the reed corresponding to the passage of the current were photographed simultaneously 
with the record of the galvanometer string. 
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Tabls I. 

Exp, 0.8.1. Bight yentricle. 


Bate per min. 72 

136 

67 

94 

120 

200 

Besponse 0*135 

0*133 

0*139 

0*134 

0*136 

0*137 

No response 0*103 

0*122 

0*109 

0*126 

0*126 

0*118 

B.P.* in sec. 0*119 

0*127 

0*124 

0*129 

0*131 

0*126 

Exp, 0.8.6. Bight ventricle. 





Bate per min. 79 

84 

84 

167 

214 


Besponse 0*21 

0*22 

0*20 

0*21 

0*21 


No response 0*16 

0*18 

0*19 

0*20 

0*19 


R.P. in sec. 0*186 

0*200 

0*195 

0*206 

0*200 


Exp, 0.8.12. (a) right ventricle; (6) left ventricle. 

Atropine added. 

(«) 

(6) 



t -^ 

- ^ 

^ -A. 

- N 



Bate per min. 107 

214 

86 

197 



Besponse 0*226 

0*196 

0*250 

0*212 



No response 0*211 

0*185 

0*230 

0*182 



E.p. in sec. 0*218 

0*190 

0*240 

0*197 




Exp. 0.S.12 a. (a) right ventricle; (6) left ventricle. Atropine added. 

(o) (6) 

A _ A 


Bate per min. 

6^ 

80 

116 

120 

' 68 

77 

125 



Besponse 

0*192 

0*198 

0*186 

0*188 

0*222 

0*209 

0*192 



No response 
B.P. in sec. 

0*177 

0*172 

0*172 

0*168 

0*204 

0*186 

0*175 



0*186 

0*186 

0*178 

0*178 

0*213 

0*197 

0*183 



Exp, 0*8.14. (a) right ventricle; (6) left ventricle. 

Atropine added. 





(») 


(a) 

_A_ 

(6) 


(6) 

A 

Bate per min. 

' 83 

166 

250’ 

107 

214 

100 

200 

ioo 

200 

Besponse 

0*120 

0*128 

0*115 

0*135 

0*132 

0*178 

0*174 

0*182 

0*174 

No response 
B.P. in sec. 

0*107 

0*124 

0*104 

0*119 

0*121 

0*176 

0*167 

0*171 

0*160 

0*113 

0*126 

0*109 

0*127 

0*126 

0*177 

0*164 

0*176 

0*167 


* This figure is the mean between the longest **no response*’ and the shortest 
“response.” As each successive testing shock is usually delayed by about 0‘01-0*020 sec., 
the error may amount on occasions to, but not more than, 0*020 sec. In subsequent tables 
the mean figure is alone tabulated. 

were obtained from the ear veins of five rabbits, and another 60c.c. 
from the rabbit supplying the heart for perfusion, by bleeding it from 
the carotid artery, introducing saline intravenously, and rebleeding. The 
different samples were defibrinated and mixed. The heart was removed, 
washed through with saline, and then connected with the perfusion 
apparatus. The perfusion circuit was continuously maintained by catching 
the blood immediately it had left the heart, and carrying it up a glass 
tube into the perfusion bottle, by means of a continuous stream of 
oxygen bubbles. The perfusion pressure obtained by this method was 
about 40 mm. of mercury, and the hearts were beating well at the end 
of 2 hours. The measurements of the refractory period which were made 
at different intervals after perfusion commenced showed that such a 



REFRACTORY PERIOD OF MAMMALIAN HEART. 206 

preparation did not differ from those perfused with saline (Table II). 
It is evident therefore that neither anoxBBmia, the lessened viscosity, 
nor the chemical constitution of the saline perfusates can be considered 
the cause of the constant refractory period. 

Table II. 

Exp, 1.12.9. Rabbit’s heart. Blood perfusion. 

Rate per min. 290 310 380 450 300 360 280 178 216 300 
B.P. in sec. 0102 0*105 0*103 0*107 0*101 0*103 0*126 0*132 0*141 0*131 

The whole perfused heart presents practical diflSculties for two 
reasons. Firstly, very low rates of beating cannot be tested, and secondly, 
at high rates ventricular fibrillation is often set up by the testing shocks 
which fall immediately after the refractory period has terminated. 

A few observations therefore have been made upon muscle strips. 
Such preparations possess the advantages that they are quiescent and 
that ventricular fibrillation does not develop readily. The strips, pre¬ 
pared in the manner already described [Dale, 1930], were immersed in 
a saline bath, kept at a temperature of 37° C. They were placed resting 
on the bottom of the bath in a horizontal position, and two parts of the 
epicardium—namely that stimulated and that to which the recording 
electrodes were applied, were kept just above the level of the saline. 
The results, as is seen from the measurements given in Table III, show no 

Table III. 

Exp, 1.1.23 Left ventricular strip. 

Rate per rain.: 

27 21 43 75 35 50 100 60 120 75 15 30 150 75 

B.P. in sec.; 

0*19 0*20 0*19 0*17 0*16 0*17 0*17 0*17 0*17 0*18 017 0*18 0*16 0*17 

Exp, 1.2.19 b. Left ventricular strip. 

Rate per min.: 

50 150 300 62 187 374 

R.P. in sec.: 

0*08 0*08 0*09 0*08 0*08 0*08 

appreciable difference from those obtained from the whole heart, the 
refractory period remaining constant over a considerable range of 
different rates, though there is a tendency for the duration to be slightly 
less at high rates than at low rates of beating. 

The intact rabbit. 

As the above results did not agree with those found in the frog’s 
ventricle and the dog’s auricle it seemed desirable to measure the period 
in the intact rabbit. 
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The rabbits were anaesthetized with urethane injected subcutaneously, 
followed, if necessary, by ether. Under artificial respiration, the chest 
was opened and the pericardium cut. The free edges were sutured to 
the chest wall making a sling in which the heart rested. The fish-hook 
^stimulators were fixed in the epicardium of the right or left ventricle 
and the recording electrodes placed a short distance away on the same 
chamber. The natural heart rate was slowed by cooling the sinus or by 
burning it with a cautery. As the latter procedure is liable to perforate 
the auricle, the cooling method is preferable. Atropine sulphate c.c. 
of a 1 p.c. solution) was injected intravenously. The results in such a 
preparation usually showed that the length of the period changed as the 
rate was raised. In certain animals, however, measurements were ob¬ 
tained which indicated that the period was relatively constant, but these 
results were unusual. In Table IV the measurements typical of these 

Table IV. 

Exp. 1.2.6. Intact rabbit. Atropinized. 

Rate per min.: 

88 167 176 190 200 200 214 230 250 273 273 375 

R*p« m see* • 

’ ‘o-173 0122 0133 0 132 0111 0110 0118 0 107 0 107 0 091 0 096 0 086 

Exp. Intact rabbit. Atropinized. 

Rate per min.: 

150 200 240 . 272 

R.p. in sec.: 

0133 0*123 0*127 0*123 

two results are shown, and it is seen that when the period changes with 
the rate of beating, the duration is considerably reduced and the re¬ 
duction is of an entirely different order from that seen in the perfused 
heart. In Fig, 1 the results from three experiments are plotted, and the 
curve from the intact animal corresponds very closely to that found for 
the mammalian auricle [Lewis, Drury and Bulger, 1921]. The curves 
from the perfused ventricle or ventricular strip have an entirely different 
form. 

It has been stated that in some intact animals the measurements of 
the refractory period were relatively constant. In animals which ex¬ 
hibited the usual falling curve with rise of rate attempts were made to 
bring about a constant measurement by altering various factors. The 
part played by the sympathetic nerves on the refractory period is rela¬ 
tively unknown, for though the work of Andrus and Carter [1930] 
suggests that adrenaline reduces it, their results cannot be accepted as 
complete proof, as the injection of adrenaline enhances the rate of 
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beating which in itself reduces the re&actory period. In all our experi¬ 
ments the ventricle had been driven by rh 3 rthmic shocks, which probably 
stimulate sympathetic nerve endings in the muscle. Any vagal influence 
due to such stimulation can be prevented by the injection of atropine, 
but the sympathetic effect cannot be completely eliminated by any such 
simple method. To remove any stimulating effect of the rhjrthmic shocks, 
we have therefore made some observations in the atropinized animal in 
which the rate of the heart beat has been changed by heating and cooling 
the sinus node, and the refractory period tested in the ventricle by 



Fig. 1. Refractory period at different rates of beating of the rabbit’s ventricle, o, intact 
rabbit; 6, perfused rabbit’s heart; c, perfused ventricular strip. 

sending in occasional testing shocks through fish-hooks embedded in the 
epicardium. In others the heart has been driven from one point and 
the period tested at another distant point on the ventricular surface. 

The use of these methods in the mammalian auricle has been criticized 
[Lewis, Drury and Bulger, 1921]. The criticism is less applicable to 
the ventricle where the impulse spreads rapidly and practically simul¬ 
taneously through the Purkinje tissue lining the chambers, and has only 
to travel through a small thickness of muscle to reach the epicardial 
surface. In an experiment in which the sinus was *booled and heated, 
the period measured 0*167, 0*149 and 0*123 sec. at rates of beating of 
126, 172 and 226 per min. respectively. When the period was tested at 
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a point distant from that at which the ventricle was driven rhjijhmically, 
it measured 0-138, 0-123 and 0-106 at rhythmic rates of 200, 230 and 
300 respectively. 

Although ergotoxin has only a slight paralysing effect upon the 
sympathetic endings in the heart [Otto, 1927] it was thought desirable 
to determine whether it altered the relation of the period to the rate of 
beati^ig. The ergotoxin was injected in successive doses of 3-3 mg. till 
lO'ing. had been introduced. Although the natural heart rate decreased 
after each injection, the results shown in Table V indicate that this drug 

Tablb V, 


JExp, 2.1.8. Intact rabbit. Atropinized. Right ventricle. 


Rate per min. 206 266 

B.P. in sec. 0-121 0-109 

300 

0-104 

333 

0-094 

400 

0-077 

3-3 mg. ergotoxin injected*. 

Rate per min. 180 230 

R.p.insec. 0-138 0-117 

260 

0-103 

333 

0-083 

375 

0-094 

3*3 mg. ergotoxin injected*. 

Rate per min. 150 200 

R.p. in sec. 0-121 0-114 

214 

0-100 

300 

0-100 

376 

0-094 

3-3 mg. ergotoxin injected*. 

Rate per min. 160 188 

R.p. in sec. 0-140 0-127 

214 

0-113 

250 

0-112 

375 

0-098 


• Ergotoxin phosphate (British Drug Houses). 


has no effect on the relation between the length of the refractory period 
and the rate of beating. These two series of experiments are evidence 
that the relation which is found cannot be due to stimulation of sympa- 
thetic nerve endings. There still remained the possibility of a reflex acting 
through the sympathetic ganglia, and to test this the ganglia were re¬ 
moved in several experiments. Owing to the proximity of small vessels 
the removal was often accompanied by a slight loss of blood, but on 
occasions there was no bleeding. Results typical of those given in 
Table VI were obtained whether hsemorrhage had occurred or not. 

Table VI. 

Exp, 2.1.18. Intact rabbit. Atropinized. 

Normal Stellate ganglia removed 

Rate per min. 176 214 290' 168 171 214 260 274 

R.p.insec. 0-144 0-118 0-106 0-143 0-140 0-137 0-131 0-127 

The measurements obtained before and after removal of the ganglia 
show that the refractory period, after removal, remains practically con¬ 
stant over a considerable range of rates, A slight reduction in the period 
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at the higher rates of beating is still seen after removal, but this is not 
of the same order as in the normal animal. It would appear therefore 
that removal of the stellate ganglia definitely influences the relation 
between the rate of beating and the length of the refractory period, thus 
bringing about conditions similar to those found in the perfused organ. 

This maujoeuvre, however, is not the only one which has such an 
influence. If 60 c.c. of warm saline is injected into the heart through 
the external jugular vein, the inferior vena cava being obstructed, a 
similar result is obtained (Table VII). 

Table VII. 

Exp. 2.1.13. Eight ventricle. Intact rabbit. Atropinized. 

Normal After saline injection 

Nate per min. 200 230 260 300 160 182 200 230 160 

B.P.inseo. 0-130 0-114 0-109 0-103 0-098 0-116 0-107 0-108 0-117 

It would appear therefore that the change in relation between the 
period and rate of beating may be brought about by both these methods 
and cannot be specifically associated with the removal of the sympa¬ 
thetic ganglia. 

The cat’s heabt. 

At this stage it seemed desirable to repeat these observations upon 
another animal, and the cat’s heart was investigated. 

The cats were ansesthetized with chloralose, and atropine injected. 
The refractory period was tested upon the left ventricle in exactly the 
same manner as that described for the rabbit’s heart. After the period 
of the intact heart had been tested, the right and left stellate ganglia 
were carefully removed, together with their respective thoracic chains 
as far as the roots of the lungs. The heart rate was slowed by this pro¬ 
cedure. The refractory period was again tested. The heart was then 
removed from the body, and perfused with Ringer’s solution at a tem¬ 
perature of 36° C., and a pressure of about 60 cm. of water and the period 
measured. The values obtained from such an experiment are shown in 
Table VIII. 

Table VIII. 

Exp. 2.1.21 h. Right ventricle. Cat. Atropinized 
Stellates and chains 

Normal removed Perfused 

Rate per min.: * 

200 250 200 176 200 230 260 158 182 207 230 250 172 

B.p. in sec.: 

0-120 0109 0*106 0*160 0*160 0*151 0*138 0*160 0*140 0*123 0*120 0*104 0*138 
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It is seen that with the normal atropinized heart the period shortens 
as the rate of beating is raised. After removal of the stellate ganglia, 
and their associated thoracic chains, the period, though longer, still 
shortens as the rate of beating is increased, as in the preceding observa¬ 
tion. With the perfused heart, the period is shorter, but the relation 
between the length and the rate of beating is imdisturbed. 

In the cat therefore no changes are found either after stellate re¬ 
moval or during perfusion, which are comparable with those seen in the 
rabbit’s heart. 

One of the main differences between the hearts of the cat and the 
rabbit is the thickness of the ventricular muscle. The testing shocks used 
have been considerably above threshold value, and it was felt that the 
different results obtained in the two animals might be due to the shocks 
reaching the endocardial surface in the perfused rabbit’s heart, which 
they fail to do in that of the cat. To test this, the period of the perfused 
hearts of the cat and dog was tested upon the epicardial and endocardial 
surfaces. In the experiments upon the cat, the animal was anaesthetized 
with ether, followed by chloralose. An hour was then allowed for the 
elimination of the ether, after which a cannula was inserted in the carotid 
artery and a considerable volume of blood withdrawn. The thorax and 
pericardium were opened and the heart removed, and perfused in the 
ordinary manner. Incisions were made into the left ventricle along the 
septal edges from the apex to the base, and the ventricular flap drawn 
away from the heart by a ligature, thus exposing the endocardial surface. 

The dog’s ventricular strip was prepared from an animal anaesthe¬ 
tized with morphia and chloralose. After bleeding from the carotid 
artery, the thorax and pericardium were opened and a cannula inserted 
into a branch of the anterior descending branch of the left coronary 
artery. The area of muscle supplied was determined by injecting saline 
into the cannula and was cut away from the rest of the heart. 

In both instances, fish-hook electrodes were embedded in the endo¬ 
cardial surface which was kept as dry as possible by draining away the 
perfusate by means of cotton-wool wicks. The point chosen depended 
upon the experimental conditions, both the septum and the endocardial 
surface of the ventricular wall being used. A pair of fish-hook electrodes 
was also embedded in the epicardium of the same ventricle, and the re¬ 
cording electrodes placed a short distance away. The period was measured 
at different rates of rhythmic stimulation, the two surfaces being tested 
immediately after one another. The results are shown in Table IX, and 
it is evident that the measurements on the epicardial surface exhibit 
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Table IX. 

Exp. 2.1.28. PerfiiBed oat*B heart. Left ventricle. Atropinized. 


Rate per min. 

176 

200 

222 

250 


B.P. in sec. (epicardium) 

0*138 

0*131 

0*109 

0*101 


B.P. in sec. (endocardium) 

0*110 

0*110 

0*096 

0*092 


p. 2.1.29. Perfused cat’s heart. 

Left ventricle. Atropinized. 



Rate per min. 

143 

176 

214 

260 

300 

B.p. in sec. (epicardium) 

0*146 

0*137 

0*124 

0*117 

0*099 

B.F. in sec. (endocardium) 

0*127 

0*136 

0*134 

0*123 

0*113 

p. 2.2.10. Perfused dog’s left ventricular strip. Atropinized. 



Rate per min. 

100 

133 

182 

240 

300 

R.P. in sec. (epicardium) 

0*180 

0*176 

0*148 

0*116 

0*096 

B.F. in sec. (endocardium) 

0*132 

0*108 

0*109 

0*095 

0*092 


the usual relation to the rate of beating while those on the endocardial 
surface remain relatively constant. They also suggest that the period is 
shorter in the endocardial surface at the low rates of beating. Though 
this may be actually correct, as we have no evidence as to the tem¬ 
peratures of the two surfaces, our results offer no final proof of the 
relative durations of the refractory periods. 

These experiments lend support to the idea that the constant period 
in the perfused rabbit’s heart is due to the testing shocks reaching the 
endocardial surface, which they fail to do in the perfused cat’s heart. 
If this explanation is correct, it should be possible to demonstrate the 
difference between the period of the epicardial and endocardial surfaces 
both in the intact rabbit and cat. The endocardium has been tested by 
means of special stimulating electrodes. These consist of fiah-hooks which 
have been straightened out, and everywhere carefully insulated, except 
on the internal surface of the barbs themselves. Two such electrodes 
were thrust through the lateral wall of the left ventricle about 5 mm. 
apart and drawn back till the barb caught the endocardium. When 
these stimulators are used, the heart is driven from the endocardial 
surface. Fish-hook stimulators were also embedded in the epicardium, 
and recording electrodes placed upon the muscle close by. The period 
was measured at the endocardial and immediately afterwards at the 
epicardial surface for each rate. In Table X the measurements found in 

Table X. 

Exp. 2.2.1. Intact rabbit. Atropinized. Left ventricle. 

Rate per min. 158 200 272 

B.P. in sec. (epicardium) 0*152 0*140 0*118 

B.P. in sec. (endocardium) 0*153 0*148 0*141 

Exp. 2.2.2. Intact cat. Atropinized. Left ventricle. 

Rate per min . 142 150 167 

B.P. in sec. (epicardium) — 0*208 — 

B.P. in sec. (endocardium) 0*168 — 0*177 


200 230 273 

0*172 0*151 — 

0*167 0*163 0*164 
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the intact rabbit and cat are shown. The observations clearly indicate 
that while the measurements from the epicarditim shorten as the rate is 
raised, those from the endocardium remain relatively constant. That 
constant periods are found on the epicardial surface of the perfused 
rabbit’s heart appears to be due to the fact that the testing shocks, on 
account of the thin ventricular walls, reach the endocardial surface. 
Judging from the results upon the intact rabbit the use of whole blood 
as a perfusate might prevent this spread, but in our experiment in which 
the constant period measurements were still obtained with whole blood 
perfusion, the heart had first been thoroughly washed through with 
saline, which is sufficient to render the measurements relatively constant 
(see Table VII). 

The endocardium is lined with a complicated network of Purkinje 
fibres, and it seems reasonable to conclude that this tissue is responsible 
for the constant period measurements. To test this point, experiments 
were performed on the perfused hearts of the dog and the cat in which 
guarded electrodes were placed beneath the free strands of Purkinje 
tissue (false tendons) which bridge the endocardial surface of the ventricle. 
In the experiments on the dog a perfused ventricular strip, as described 
above, was used. In the cat, the heart was perfused from the aorta, and the 
ventricular chambers opened. The preparation was driven rhythmically 
from the electrodes on the Purkinje strand and the testing shocks 
were sent in through the same pair of electrodes. The responses were 
recorded from electrodes placed upon the epicardial surface. The measure¬ 
ments from several experiments are given in Table XI (a). They show 
that while over considerable ranges of rate the period is relatively 
constant, at low rates it lengthens. The lengthening appears to us to 
be due to the method employed. The response to the first effective 
stimulus is unable to await the responsiveness of the muscle, the re¬ 
fractory period of which, at low rates of beating, appears to be longer 
than that of the Purkinje tissue^. If the testing shock has produced a 
localized effect, it may be expected to disturb the conduction of the 
next rhythmic response, provided this occurs quickly enough, and it is 
found that testing shocks which fall within the refractory period as 
measured by the first effective stimulus, cause the next rhythmic 
response to be delayed, indicating that local responses to these shocks 
occurred which were not conducted to the recording electrodes. For 
instance in Exp. 2.3.22 at rate 182, a testing shock of 0*132 delays the 

^ Further evidence that this is so will be given later as a result of the measurements 
of the conduction interval between the first effective testing shook and its response. 
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Table XI. 

(a) Exp. 2.2.23. Dog. Perfused right yentzioular strip. Atropinized. 

Rate per min. 52 109 182 240 

B.P. in sec. 0*174 0*171 0*194 0*171 

Exp, 2.3.1. Dog. Perfused right ventricular strip. Atropinized. 

Rate per min. 46 92 92 120 172 200 260 300 

B.P. in sec. 0*188 0*169 0*141 0*168 0*171 0*141 0*145 0*137 

Exp, 2.3.16. Cat. Perfused heart. Atropinized. 

Rate per min. 150 172 200 240 

B.P. in sec. 0*144 0*151 0*145 0*160 

Exp. 2.3.22. Cat. Perfused heart. Atropinized. 


Rate per min. 

95 

128 

150 

182 

214 

272 

B.F. in see. 

0*184 

0*174 

0*174 

0*144 

0*134 

0*134 

Rate per min. 

158 

182 

222 

260 

280 


B.P. in seo. 

0*196 

0*167 

0*162 

0*169 

0*168 


Period tested 

upon 

muscle. 




Rate per min. 

94 

122 

200 

222 

260 

300 

B.P. in sec. 

0*202 

0*195 

0*171 

0*166 

0*146 

0*125 


(b) Exp. 2.4.20. Cat. Perfused heart. Atropinized* 

Rate per min. 94 110 150 200 

B.P. in sec. (ordinary method) 0*159 0*143 0*131 0*112 

B.P. in sec. (new method) 0*112 0*118 0*117 0*112 

next rhythmic response though it gives no recordable response. To con¬ 
firm this point, an experiment was performed, using a method which 
detects the responses of the tissue localized around the point of stimu¬ 
lation [Drury and Love, 1926J. This method was used on the perfused 
cat’s heart, and it can be seen from Table XI (6) that while the ordinary 
method gives increased measurements at low rates of beating, constant 
values are obtained by the new method. It can be concluded therefore 
that over a considerable range of rates the refractory period of the 
Purkinje tissue has a constant value. 

The refractory period op ventricular muscle. 

In animals with a thick ventricular wall such as the dog and the cat, 
the period measurements of the epicardial surface exhibit the same re¬ 
lationship to the rate of beating as that described for the dog’s auricle 
[Lewis, Drury and Bulger, 1921] and the frog’s ventricle [Mines,. 
1913; Tso, 1930]. In addition, we have shown that this relationship 
which is found in the intact cat is not disturbed when the heart is per¬ 
fused. The results in such animals can therefore be accepted as measure¬ 
ments of the period of ventricular muscle. Many measurements have 
been given in this paper for rates above 100 per min. It was thought 
desirable to obtain measurements at very low rates of beating in addition 

14 


240 

0*113 

0*113 
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Table XII. 

Exp. 2.2.10. Dog. Perfused left Tentrioular strip. Atropinized. 

Bate per min. 24 60 75 100 115 136 200 272 

B.F.m8eo. 0-109 0-106 0-197 0-192 0-196 0-165 0-130 0-128 
Exp. 2.2.10. Dog. Perfused left ventricular strip. Atropinized. 

Bate per min. 22 40 63 68 107 114 130 150 188 250 300 

B.P.ineeo. 0-172 0-165 0-176 0-166 0-143 0-146 0-137 0-127 0-114 0-112 0-104 

Exp. 2.3.1. Dog. Perfused right ventricular strip. Atropinized. 

Bate per min. 50 100 133 171 240 

B.P. in sec. 0-190 0-195 0-186 0-171 0-151 
Exp. 2.3.4. Dog. Perfused right ventricular strip. Atropinized. 

Bate per min. 60 100 133 172 222 272 300 

B.F. in sec. 0-215 0-210 0-206 0-180 0-152 0-144 0-123 
Exp. 2.3.22. Cat. Perfused heart. Left ventricle. Atropinized. 

Bate per min. 94 116 162 200 222 260 272 300 

B.P. in sec. 0-202 0-207 0-188 0-172 0-166 0-146 0-146 0-136 



Fig. 2. Befractory period at different rates of beating of the dog’s ventricular muscle 

(perfused strip). 

to those at high rates to see whether the refractory period continues to 
increase, as it does between 200 and 100 per min. Such measurements 
cannot be obtained in the whole heart, for even if the sinus node is 
cooled, an a.-v. rhythm sets in which is usually about 100 per min. We 
have used the perfused left ventricle of the dog and the cat. The re¬ 
fractory period was tested upon the epicardial surface of a quiescent 
preparation in which very low rates of rhjrthmic stimulation could be used. 

In Table XII the measurements of the period from several different 
ventricular strips are shown. These indicate that from rates of 20 to 
about 100 per min. the period remains relatively constant, from 100 to 
200 per min. it rapidly decreases, while from 200 to 300 per min. the 
decrease though still definite is relatively slight. The characteristics of 
the curve are shown in Fig. 2 which is plotted from Exp. 2.2.19, 
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The conduction rate op the response to the first effective 

STIMULUS AT DIFFERENT RATES OF BEATING. 

In many experiments the recording electrodes and stimulating elec¬ 
trodes have been placed about 6 mm. apart upon the epicardial surface. 
The interval between the first effective shock and its response is a 
measure of the time taken for this premature impulse to travel from the 

Tabls XIII. Conduction of response to first effective stimulus at 
different rates of beating. 

(a) Travelling through muscle only. 

Exp. 2.2.10. Dog. Perfused left ventricular strip (atropinized). 

Kate per min. 100 133 182 240 300 

Conduction time in sec. 0*041 0*040 0-041 0-043 0-040 

Exp. 2.3.18. Intact cat. Left ventricle (atropinized). 

Rate per min. 137 162 177 220 222 240 

Conduction time in see. 0-040 0-036 0-036 0-040 0-040 0*040 

Exp. 2.3.22. Intact cat. Left ventricle (atropinized). 

Kate per min. 158 188 214 250 

Conduction time in sec. 0*031 0*030 0-031 0-029 

(6) Travelling from muscle to muscle, via Purkinje tissue. 

Exp. 2.3.8. Intact cat. Left ventricle (atropinized). 

Rate per min. 176 206 240 272 316 

Conduction time in sec. 0*104 0*094 0*113 0-124 0*134 

Exp. 2.3.16. Intact cat. Left ventricle (atropinized). 

Kate per min. 146 171 200 230 

Conduction time in sec. 0*085 0-084 0-114 0-122 

Exp. 2.3.22. Intact cat. Left ventricle (atropinized). 

Kate per min. 182 225 240 272 

Conduction time in sec. 0*079 0-077 0-081 0-097 

(c) Travelling from Purkinje to muscle tissue. 

Exp, 2.2.23. Dog. Perfused left ventricular strip (atropinized). Purkinje strand stimulated. 
Rate per min. 46 92 120 172 200 260 300 

Conduction time in sec. 0-052 0-057 0-047 0-040 0-040 0-043 0-043 

Exp, 2.3.16. Perfused cat’s heart (atropinized). Purkinje strand stimulated. 

Rate per min. 160 172 200 240 

Conduction time in sec. 0*145 0-157 0-124 0-083 

Exp, 2.3.22. Perfused cat’s heart (atropinized). Purkinje strand stimulated. 

Rate per min. 105 128 168 182 212 260 280 

Conduction time in sec. 0*118 0*107 0*124 0-114 0-112 0-105 0*104 

Exp. 2.2.10. Dog. Perfused left ventricular strip (atropinized). Endocardium stimulated. 
Rate per min. 100 133 182 240 300 

Conduction time in sec. 0-136 0-128 0-119 0-096 0-092 

» 

Exp, 2.1.29. Cat. Intact (atropinized). Endocardium stimulated. 

Rate per min. 150 171 214 240 290 

Conduction time in sec. 0-129 0-126 0-112 0-100 0-106 


14-^2 
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stimulating to the recording electrodes^. The interval has been measured 
at different rates of beating for each first effective stimulus, and the 
measurements between the rates of about 100-260 per min., remain 
practically constant (Table XIII (a) and Fig. 4 a). The impulse has two 
possible modes of reaching the recording contacts, it may spread laterally 
entirely through muscle or it may travel downwards, through muscle to 
the Purkinje tissue, and spreading through this, finally reach the re¬ 
cording contacts on the surface by coursing again through muscle. As 
conduction in the muscle is relatively slow compared with that in 
Purkinje tissue, the measurement will be of the latter path if the distance 
between the stimidators and recorders is more than twice the thickness 



Fig. 3. Diagrammatic representation of the refractory period of (a) ventricular muscle, 
(6) Purkinje tissue at different rates of beating. 

of the muscle wall. In our experiments, the stimulating and recording 
electrodes have been placed very close together so that the spread is 
only through muscle. It can be safely inferred that the rate of con¬ 
duction through muscle immediately after the refractory period has 
terminated is constant at different rates of beating. 

The measurements of the refractory period of the ventricular muscle 
and the Purkinje tissue indicate that while the former decrease as the 
rate of beating is raised, the latter remain relatively constant. In addi¬ 
tion they suggest that the values of the two periods at different rates 
are such that the curves cross between 150 and 260 per min. This re¬ 
lation is diagrammatically illustrated in Fig. 3. Broadly speaking the 

^ This measurement includes the “latency of response.’* This is, however, in the frog 
extremely brief [Schellong, 1925]. 
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refractory period of the Purkinje is shorter than that of the muscle at 
low rates, and longer at high rates of beating. This crossing of the curve 
should find expression in the conduction intervals of the response to the 
first effective stimulus at different rates of beating, if it is measured in 
such a manner that the response has traversed bbth types of tissue. 

When it is travelling from muscle to Purkinje tissue, as the refractory 
period of the Purkinje tissue is shorter than that of the muscle at low 
rates of beating, the impulse finds the latter ready to respond. Muscle 
conduction has been shown to be the same at aU rates of beating, so 
the conduction interval will remain relatively constant. It is true that 
as progressively lower rates of beating are tested the Purkinje tissue will 
have a relatively longer period of rest after the refractory period has 
terminated, and conduction through this tissue will therefore become 
progressively more rapid. On the other hand, conduction through 
Purkinje is extremely rapid and represents only a small portion of the 
total time interval, so that any such shortening might not be appre¬ 
ciated. At rates of beating higher than that at which the two curves 
cross, the muscle has a shorter period than the Purkinje, and the impulse 
must use up time travelling in the muscle waiting for the Purkinje tissue 
to become responsive. The conduction intervals will therefore lengthen, 
and should become longer as the two periods diverge. This assumes that 
the first effective impulse in the muscle will always be able to wait for 
the Purkinje tissue to become responsive, however long that may be. 
If this condition is not fulfilled, the first effective impulse will die out, 
and there will be a break in the curve, for the measurements will now 
apply to the second or even the third effective impulse. In general the 
measurements of the conduction of the response to the first effective 
stimulus travelling from muscle to Purkinje should be relatively constant 
till rates of about 200 per min. are reached when they should lengthen. 

Experiments to test this have been made in the following manner. 
The heart in the intact atropinized cat^ was driven rhythmically from 
fish-hook electrodes embedded in the epicardial surface of the left 
ventricle, while the recording contacts were placed upon the epicardial 
surface of the right ventricle. This method, however, involves a double 
passage, namely from muscle to Purkinje and Purkinje to muscle. The 
impulse liberated from the epicardium of the left ventricle travels from 
muscle to Purkinje tissue, up the left division of the bundle, over the 
septum, and down the right division to the musfle underlying the re¬ 
cording contacts on the right ventricle [Lewis and Rothschild, 1916], 
^ In order to obtain low rates of beating the sinus node was either cooled or burnt out. 
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The second passage, namely from the right division of the bundle to 
the muscle, will influence the results only at low rates of beating, for 
the impulse liberated will find the Purkinje tissue in the left ventricle 
responsive and will here suffer no delay. When it arrives at the junctions 
in the right ventricle, the muscle will still be irresponsive and a delay 
will occur. This delay will be greater the lower the rate of beating. At 
high rates of beating, after the curves have crossed a delay will occur 
in the left ventricle, as the impulse must await the responsiveness of 
the Purkinje tissue. As the rate of beating therefore is raised from low 
rhythms, the measurements will decrease and reach a minimum at the 



Fig. 4. Conduction of the response to the first effective stimulus, o, travelling through 
muscle; 6, travelling from Purkinje tissue to muscle; c, travelling from muscle to 
muscle via Purkinje tissue. 


point where the period curves cross, and then lengthen once more. The 
results which are given in Table XIII (6) and Fig. 4 c show that that 
expected result is realized. 

Evidence of the delay of the passage of the impulse from Purkinje 
tissue to muscle at low rates of beating is provided by the measurements 
from the following experiments. In these the stimulators were placed 
upon a Purkinje strand, and the response recorded on the epicardium. 
In this case there is only one passage, namely from Purkinje tissue to 
muscle. At low rates of beating, the response in the Purkinje tissue^ 
must await the responsiveness of the muscle, and will suffer a delay. 
After the curves have crossed no such delay will occur, and as pro- 

^ We have no evidence as to the rate at which the response to the first effective impulse 
liberated in Purkinje fibres travels in this tissue at different rates of beating. We have 
assumed that it is constant at all rates, as thu is found to be the case in muscle. 
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gressively higher rates are tested the muscle will have a relatively longer 
period of rest and conduction should be quicker. A further decrease 
due to this factor might be expected, but at high rates the two curves 
diverge very slowly owing to the flattening out of the muscle curve, so 
that this influence cannot be very great. The measurements should 
therefore decrease definitely as far as the point of crossing of the curve, 
after which they will remain constant, or if the improvement in muscle 
conduction comes into play, have slightly lessened values. This result 
is seen in the measurements from Table XIII (c)^ and Fig. 4 6. They 
show in addition that at low rates of beating an abrupt change may 
occur in the measurements. This is due to the response to the first 
effective stimulus in the Purkinje fibres being unable to await the re¬ 
sponsiveness of the muscle, so that the measurements are now of the 
second or third effective stimulus. These observations are evidence that 
the relation between the refractory period of Purkinje tissue and muscle 
which was indicated by actual measurement is correct. 

The diagrammatic representation of the two periods in Fig. 3 appears 
to us to represent, reasonably accurately, the relation as it actually exists. 

The influence of diastolic filling upon the 

REFRACTORY PERIOD. 

Tso [1930] has shown that variations in the diastolic filling of the 
frog’s ventricle are without influence upon the refractory period pro¬ 
vided the rate of beating is maintained constant. These results have also 
been found by us for the dog’s auricular and ventricular muscle. The 
experiments upon the auricular muscle were carried out on the intact 
atropinized animal. After exposing the heart in the usual manner, liga¬ 
tures were placed around the superior and inferior vense cavae. These 
vessels could be closed by tightening these ligatures and the pressure in 
the right auricle reduced. To produce raised auricular pressure, con¬ 
siderable volumes of saline were injected into the femoral vein. The 
auricular pressure was measured in some experiments by inserting a 
wide-bored cannula connected to a saline manometer into the superior 
vena cava and leading it into the auricular cavity. The diastolic filling 
could be increased or decreased by these methods, and as the actual 
measurements of the period were made immediately, it is unlikely that 

^ The measurements at high rates of beating from the i^xperiments in which the 
endocardium was stimulated are not strictly comparable with those at low rates. The 
former may represent muscle conduction only as the refractory period of this tissue is 
shorter than that of Purkinje fibres at these rates. 
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the results were influenced by the many other changes which must 
accompany these procedures. The measurements were made upon the 
right auricular muscle, the stimulating electrodes being placed upon the 
body of the auricle and the recording electrodes a few millimetres away. 
The results (Table XIV (a)) show that the pressure within the auricle 
has no influence upon the refractory period at a constant rate of beating, 
and this holds for considerable variations in venous pressure. 

Table XIV. 

(a) Exps, 0.10.9, 0.10.14. Intact dog, fully atropinized. Right auricle. 


Rate per min. 


225 

225 

225 160 160 

160 

160 

Auricular pressure in cm. of HoO 

22 

16 

18 13 10 

21 

13 

E.P. in sec. 


0*100 

0*090 

0*086 0*108 0*105 

0*103 

0*109 

(b) Exp. 1.5.6, Bog's heart-lung preparation. Right ventricle. 



Rate per min.: 

214 107 214 120 

240 

240 

120 

120 120 

120 

120 

Output in c.c. per min.: 
250 125 125 150 

150 

310 

310 

Small Medium 

Large 

Small 

R.p. in sec.; 

0-14 016 014 017 

0-14 

014 

0*15 

0*19 0*17 

0*17 

0*17 


The same result can be demonstrated in the dog’s heart-lung pre¬ 
paration for the right ventricular muscle. The diastolic filling was changed 
by altering the venous pressure, and was measured in the experiment 
by the change in outflow from the left ventricle. The results in such an 
experiment arc tabulated in Table XIV (6) and indicate that the period 
decreases with the rate of beating whatever the venous pressure, and 
remains constant at the same rate of beating though the venous pressure 
is changed. These experiments agree with Tso’s findings for the frog’s 
ventricle [1930]. It is evident therefore that the refractory period of the 
auricular and ventricular muscle in the dog is uninfluenced by diastolic 
filling. 

It has been demonstrated in the perfused rabbit’s heart that the 
period measured is not entirely that of ventricular muscle, but also of 
Purkinje tissue. This tissue is likewise uninfluenced by the initial length 
to which the muscle is stretched. This was shown in the whole perfused 
heart by inserting a bladder into the right ventricular cavity connected 
to a column of liquid parafiin whose height could be increased or de¬ 
creased. The results (Table XV) show that the period remains constant 
with the same pressure, though the rate is increased, and also when the 
rate of beating is held constant and the pressure within the cavity con¬ 
siderably altered. The same result was found for the perfused strip. In 
this preparation we attached six threads radially which passed over 
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light pulleys, and on which weights were hung. By altering the weights 
the muscle could be subjected to different degrees of stretching. The 
measurements (Table XV) obtained by this method agree with those 
found for the whole perfused heart. 

Table XV. 


Exp, 1.2.26. Perfused rabbit's heart. 


Rate per min* 

150 

150 

160 

150 

300 



B.F. in Bee. 

0*162 

0*149 

0*146 

0*184 

0*179 



Pressure 

Great 

Mod. 

SUght 

Slight 

Slight 



Rate per min. 

150 

160 

160 

160 

160 

160 

160 

B.P. in sec. 

0*150 

0*166 

0*166 

0*144 

0*140 

0*136 

0*145 

Pressure 

Slight 

Mod. 

Great 

Mod. 

Slight 

Mod. 

Great 


1.2.20. Rabbit’s heart. Left ventricular strip. 


Weights attached 

_A_ 

No weights 

A . 

Weights attached 

f - 

Rate per min. 43 

129 

268 

43 129 

43 

129 258 

B.p. in sec. 0*14 

0*14 

0*12 

0*17 0*16 

0*18 

0*16 0*14 

No 

Small 

Large 

No Large 

Small 


weights 

weights 

weights weights weights weights 


Rate per min. 136 

136 

136 

136 136 

136 


B.p. in sec. 0*11 

0*12 

0*12 

0*11 0*12 

0*13 



The experiments indicate that the refractory period of mammalian 
heart muscle is uninfluenced by diastolic filling. In addition they show 
that that of the Purkinje tissue which is responsible for the constant 
period is likewise uninfluenced. 

Conclusions. 

The foregoing observations clearly indicate that the refractory periods 
of the two tissues, namely muscle and Purkinje, which make up the 
ventricles have very different characteristics. The period of the Purkinje 
tissue remains relatively constant, while that of the muscle shortens as 
the rate of beating is raised. Moreover, there is evidence that the relative 
durations of the periods is such that at low rates of beating that of the 
Purkinje fibre is shorter than that of muscle, while at high rates the 
reverse holds, the curves crossing at rates of 150-260 per min. This 
crossing of the curve is only seen in occasional experiments on the per¬ 
fused heart, for it is impossible to maintain the conditions at the Purkinje 
strand identical with those at the epicardial surface, both as regards 
temperature and supply of perfusate. In the experiments upon the intact 
animal, in which both the endocardial and epicardifl periods have been 
compared, the crossing of the curve is not seen for the reason that the 
testing shocks applied to the endocardium are not limited to Purkinje 
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tissue only, and they will always measure the shorter period. In such 
experiments the period measured at high rates is that of muscle, while at 
low rates it is that of Purkinje tissue. This was indicated in some experi¬ 
ments in the intact cat in which the measurements remained relatively 
constant till a rate of about 250 per min. was reached, when they shortened 
abruptly, and followed a curve very similar to that of muscle tissue. In 
the perfused rabbit’s heart, in which we conclude that the testing shocks 
reach the Purkinje tissue, there has been a tendency for the measurements 
at high rates to be shorter than those at low rates of beating. This is again 
due to the fact that at low rates the measurement is that of Purkinje and 
at high rates that of muscle. 

When, in the experiments on the cat and dog, the measurements 
from the endocardium are compared with those from the Purkinje 
strands it is seen that in the former case the values remain constant at 
rates at which a sudden increase is seen in the latter. The reason for 
the difference between the results is not clear to us, but it may well be 
due to the fact that nutritive condition of the free strand is not nearly 
so good as that of the fibres which line the endocardium. 

The perfused rabbit’s heart and ventricular strips give measurements 
which remain constant at much lower rates of beating than is the case 
in the hearts of the dog and the cat when the endocardium is tested, 
t must be concluded that in the rabbit the impulses liberated in the 
‘ J^yirkinje fibres are better able to await the responsiveness of the muscle 
tissue. 

The use of the perfused heart does not alter the characteristics of 
the period measurements of cardiac muscle, but in the rabbit owing to 
the thin ventricular walP the shocks are liable to reach the Purkinje 
fibres, and this gives rise to false results. This may even occur in the 
intact rabbit. In animals in which the ventricular wall is thick this error 
does not occur, and the measurements of the muscle period have the 
same characteristics whether they are tested upon the intact or the 
perfused heart. 

Summary. 

1. The refractory period of the perfused rabbit’s ventricle, tested 
on its epicardial surface, remains constant over a considerable range of 
rates. 

2. In the perfused heart of the cat and dog, a constant period 
measurement is obtained when the endocardial surface or an isolated 

^ Tho distribution of the Purkinje fibres in the rabbit may differ from that in the cat 
and dog; they may reach more superficial layers. 
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Purkinje strand is tested, but the epicardial surface shows the usual 
relation between period and rate of beating. 

3. It is concluded that the refractory period of Purkinje tissue re¬ 
mains constant irrespective of the rate of beating, and that in the per¬ 
fused rabbit’s heart conditions are such that the testing shocks applied 
to the epicardium reach the Purkinje network. 
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THE ACTION OF SOME AMINES RELATED 
TO ADRENALINE, 

I. M ethoxy-phenylethylamines. 

By D. EPSTEIN, J. A. GUNN and C. J. VIRDENi. 

(From the Pharmacological Laboratory^ University of Oxford,) 

The discovery of the composition and structure of adrenaline has led to 
the investigation of a large number of related compounds in which modi¬ 
fications of adrenaline have been brought about by alteration either of 
the catechol nucleus or of the methyl-amino-ethanol side chain or of both, 
Dakin [1905], who was one of the first to explore the actions of com¬ 
pounds related to adrenaline, found that catechol itself produced a rise 
of blood-pressure in rabbits but that the methyl ether of catechol pro¬ 
duced no such effect. He concluded: “It appears that the catechol 
nucleus is essential for the production of physiologically active substances 
of the type of adrenaline,’’ and “It is of importance that the hydrogen 
atoms of both hydroxyl groups in the catechol nucleus be un-sub- 
stituted.” 

Later Barger and Dale [1910], in their searching examination of tte 
factors responsible for the adrenaline type of action, showed that the rise 
of blood-pressure produced by catechol was due to a general stimulation 
of plain muscle and that catechol itself had not the specific actions of 
adrenaline. 

Though the methyl ether of catechol is itself inactive, it does not, 
therefore, follow that substitution of the hydroxy groups of the catechol 
nucleus in an adrenaline type of compound will also annul its activity, 
because catechol does not possess the adrenaline type of action. Never¬ 
theless, it is probable that Dakin’s suggestion (that, for the adrenaline 
type of action, it is important that the hydroxyl groups in catechol 
nucleus be unsubstituted) has had the effect of deterring subsequent 
workers from examination of compounds related to adrenaline in which 
this substitution has been made. Indeed, among the large number of 

^ The compounds were prepared by C. J. Virden and the pharmacological actions 
investigated by D. Epstein and J. A. Gunn. 
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substances related to adrenaline which have been investigated, we have 
found no records of the pharmacological examination of the compounds 
which are here described. 

The primary object of the present investigation was to test the 
activity of this t 3 rpe of compound, and the following compomds, which 
were prepared in this laboratory by Dr Virden, have been investigated: 


(1) p-methoxy-phenylethylamine. 

(2) m-methoxy-phenylethylamine. 

(3) Methylene-dioxy-phenylethylamine. 

(4) Dimethoxy-phenylethylamine. 


( 1 ) 



Qoch. 










OCH, 

^OCH, 


The first compound is the methylether of tyramine, the actions of which 
have been the subject of numerous investigations. 

The effect of etherification of a phenolic-hydroxyl group on the 
physiological activity of a particular compound is difl&cult to predict. It 
may lead to a diminution, to an increase, or to a change in activity. In 
the particular group of compounds under consideration there was reason 
to expect that such etherification would lead to a diminution of activity, 
but, as we shall show, it actually led to quantitative and qualitative 
changes in activity that were hardly to be anticipated. Indeed we found 
to our surprise that the fourth compound which approximated most 
closely to adrenaline in structure was the farthest removed from it in 
physiological action. 

In the investigation of the compounds mentioned we had a secondary 
—and from the therapeutic point of view more important—object in 
mind, namely, the endeavour to discover a compound which might com¬ 
bine some of the advantages of adrenaline and ephedrine. In the treat¬ 
ment of asthma, for example, adrenaline has the merits of speed and 
certainty of action; but has the disadvantages that its effects are transient 
and that it has to be given by injection. Ephedrine produces a more pro¬ 
longed action and can be given by mouth, but may produce undesirable 
side-effects, €,g, prolonged rise of blood-pressure, with nausea, headache, 
palpitation and insomnia. The instability and brevity of action of adrena¬ 
line is chiefly due to the presence of the two phe»olic-hydroxyl groups, 
and the comparative stability of ephedrine to their absence. The com¬ 
parative diminution in absolute activity of ephedrine is not a serious dis- 
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advantage, as it merely means that it has to be given in a larger dose than 
adrenaline. It was possible that, by adopting some other method of 
stabilizing the nucleus, one might obtain a substance which would possess 
some of the attributes of ephedrine without its disadvantages; and methyl- 
ation of the hydroxyl groups was an obvious method of stabilizing the 
nucleus and of producing a substance sufficiently resistant to chemical 
change to suggest that it might produce its actions when given by mouth 
and produce effects more enduring than those of adrenaline; provided 
always that this etherification did not stabilize the substance to the point 
of annulling physiological activity. 


Table I. Minimum lethal dose for mice, by intraperitoneal injeotion. 


Drug used 

Wt.o£ 
mouse 
in g. 

Dose 
per kg. 
in g. 

Actual 
dose 
in g. 

Result 

^j-methoxy-phenylethylamine (1) 

30 

0-3 

0009 

Died in 7 minutes 

29 

0-24 

0 007 

Died in 8 minutes 


23 

0*22 

0 005 

Died within 30 hours 


25 

0-2 

0006 

Died within 2 days 


19 

017 

00033 

Died within 2 days 


22 

016 

0 0033 

Died within 3 days 


27 

Oil 

0003 

Recovered 

i»-methoxy-phenylethylamine (2) 

22 

0'45 

007 

Died in 8 minutes 

26 

0-31 

0008 

Died in 7 minutes 


36 

0*23 

0 008 

Died in 8 minutes 


26 

0-2 

0005 

Recovered 


23 

017 

0004 

Recovered 

Methylene-dioxy-phenylethylamine (3) 

18 

0-3 

0 0064 

Died in 11 minutes 

27 

0*26 

0 007 

Recovered 


23 

0*2 

0 0046 

Recovered 

Dimethoxy-phenylethylamine (4) 

27 

0-65 

0015 

Died in 18 minutes 

29 

0-6 

0016 

Died in 9 minutes 


38 

0-42 

0016 

Died in 17 minutes 


27 

0-4 

0011 

Recovered 


34 

0-36 

0012 

Recovered 


32 

0-31 

0010 

Recovered 


26 

019 

0005 

Recovered 

^-hydroxy-phenylethylamine 

21 

0*8 

0017 

Died in 3 days 

(tyramine) (6) 

23 

0*65 

0016 

Recovered 

26 

0*5 

0013 

Recovered 


24 

033 

0008 

Recovered 


22 

0-23 

0005 

Recovered 


26 

016 

0 004 

Recovered 


The present investigation seems to have gone some way towards 
finding such a substance. It has also revealed some unexpected difference 
not only between these compounds and adrenaline but between the com¬ 
pounds themselves. These differences concern especially actions on the 
central nervous system and the so-called ‘‘sympathomimetic” actions. 

It will be convenient first to compare the toxicities of the compounds 
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and to describe briefly the general effects produced by them in the intact 
animal: and subsequently to discuss the actions on various organs with 
special reference to sympathomimetic action. 

In order to obtain some idea of the relative toxicity of these com¬ 
pounds and of the general effects produced by them, experiments were 
made on mice, the amines being given by intraperitoneal injection. By 
this type of experiment the maximum amount of information in regard 
to laboratory mammals can be obtained with a limited supply of drug. 

From Table I it can be seen that the approximate minimum lethal 
dose per kg. for mice by intraperitoneal injection is as follows: 



g- 

Ratio 

(1) p-methoxy-phenylethylamine 

016 

10 

(2) m-methoxy-phenylethylamino 

0*23 

1-6 

(3) Methylene-dioxy-phenylethylamine 

0-30 

20 

(4) Dimethoxy-phenylethylamine 

0*42 

2-8 

(5) p-hydroxy-phenylethylamine 

0-8 

5-3 


Several points of importance emerge from these results, which incidentally 
emphasize the importance, in any comparison of a homologous series of 
drugs, of experiments on the intact and unansesthetized animal. Often, 
when such a series of drugs is being compared, this comparison is based 
upon a single criterion of physiological activity (e.jf. effect on blood- 
pressure), and it is at least implied that the data afforded by this single 
criterion give satisfactory pritm fade evidence for their relative general 
activities. The fallacy of such an assumption can be illustrated by a com¬ 
parison of p-methoxy-phenylethylamine (1) with p-hydroxy-phenyl- 
ethylamine (5). When injected intravenously the latter has a more 
powerful action on the blood-pressure than the former and might there¬ 
fore be said to be more active, but, when given by intraperitoneal in¬ 
jection in the intact animal, the former is at least four times as toxic as 
the latter. 

Another point of interest relates to the time of death. In the case of 
compounds (2), (3) and (4), if the animal dies, death occurs within a few 
minutes, but with compounds (1) and (5) there is a more chronic form of 
poisoning in which the animal dies after two or three days. It may be of 
some significance that both these compounds (1) and (5) are para com¬ 
pounds. 

As will be shown later, compounds (1) and (2) seem to be, quanti¬ 
tatively and qualitatively, indistinguishable as regards their effects on 
blood-pressure and on isolated organs. If, in the case of intraperitoneal 
injections in the intact animal, only those cases be considered in which 
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death occurs in a few minutes, the toxicities of both are, within experi* 
mental limits, also identical (24 : 23). On the other hand, if the animals 
were kept under observation for several days, it was found that the para 
compound is considerably more toxic than the meta compoimd by reason 
of the delayed poisoning that it produces. It is a remarkable fact that, 
of the two isomeric compounds which differ chemically only in the 
position of the methoxy group and which resemble one another otherwise 
'JO closely in their physiological action, one should produce a type of 
delayed poisoning from which the other seems to be entirely free. 

Symptoms produced. 

(1) p-methoxy-phenylethylamine. 

The chief symptoms produced were irregular and jerky contractions 
of the voluntary muscles, especially of the head, with ataxia and loss of 
power of progression. The animals showed a characteristic type of tremor 
which resembled coarse shivering. When death occurred within a few 
minutes, it was due chiefly to respiratory failure, and was preceded by 
cyanosis and weak asphyxial convulsions. The heart continued to beat 
feebly for some minutes after respiration ceased. If the dose was just 
sufficient to produce delayed death, the tremors and ataxia subsided in 
an hour or so, after which the animal might remain apparently normal 
for 24 hours or more. Then a type of paralysis came on, characterized by 
a great fall of temperature and by extremely slow contractions of the 
voluntary muscles. 


(2) m-methoxy-phenylethylamine. 

With the meta compound the delayed type of poisoning did not occur, 
and it differed otherwise in its acute effects on the central nervous 
system. The chief differences were that the meta compound produced 
more marked acceleration of respiration and increased excitability of the 
spinal reflexes. While, therefore, the para compounds seemed to excite 
the motor cortex of the brain, the meta compound, in addition, stimulated 
the respiratory centre and spinal cord. 

(3) Methylene-dioxy-phenylethylamine. 

This compound produced symptoms, intermediate between those 
produced by compounds (1) and (2). Certain movements which were 
characteristic of (2) were reproduced, but there was less increase of spinal 
excitability than was seen with (2). 
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(4) Dim^hoxy-phenylethylamine. 

This compound produced quite different effects from the previous 
three. There were no marked signs of increase of excitability of the motor 
cortex of the brain or of the spinal cord. The animals became gradually 
paralysed and died from respiratory failure. 

A full comparison of the general effects of the four compounds would 
require detailed and lengthy protocols. It may sulB&ce to point out that, 
in this group of compounds which possess an identical ethylamine side- 
chain, relatively small differences in the structure of the nucleus produce 
considerable changes in the action of the resulting compounds on the 
central nervous system. Compounds (1), (2) and (3) resemble one another 
fairly closely, but (4) is quite different. It will be shown later that, in its 
other actions also, (4) produces quite different effects from (1), (2) 
and (3). 


Action on the isolated mammalian heart. 

Compounds (1), (2) and (3). 

The hearts were perfused by means of Gunn’s apparatus. It was 
found that compounds (1), (2) and (3) produced a typical sympathomi¬ 
metic effect (augmentation and acceleration) on the cat’s heart but no 
such effect on the heart of the rabbit. Fig. 1 shows the effect of the same 
concentration of p-methoxy-phenylethylamine (1 in 20,000) on the hearts 
of the cat and rabbit. The characteristic sympathomimetic effect is pro¬ 
duced in the former, but no effect at all on the latter. The same difference 
in response was seen with compounds (2) and (3). 

This difference in response was not merely a quantitative one, because, 
however high the concentrations used, the sympathomimetic action was 
absent in the rabbit’s heart. This is unmistakably shown in Fig. 2. The 
upper tracing shows that even 1 in 500,000 of compound (2) produced a 
striking sympathomimetic action on the heart of the cat whereas a con¬ 
centration fifty times as strong (lower tracing) has no effect on the 
rabbit’s heart. No sympathomimetic action was produced on the rabbit’s 
heart even with solutions*so concentrated as 1 in 5000. Compound (3) 
seems to be the most active of the three on the cat’s heart, a quite con¬ 
siderable degree of augmentation and acceleration occurring with a 
solution of 1 in 2,000,000. * 


PH. LXXVI. 
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Compound (4). 

Dimethoxy-phenylethylamine was found to have no sympathomi¬ 
metic effect on the heart either of the rabbit or of the cat. Fig. 3 shows 
the effect of a solution of 1 in 10,000 on the cat’s heart. This produced 
slowing and depression of the heart well manifested in two minutes. 
When the amine solution was replaced by Locke’s solution (L.S.) the 
heart rapidly recovered and in four minutes had almost returned to its 
normal rate and amplitude of beat. 



Fig. 1. Isolated perfused mammalian hearts: p-methoxy-phenylethylamine 1 in 20,000. 
Showing sympathomimetic action in the cat (upper tracing) but not in the rabbit 
(lower tracing). 

Action on the coronary vessels. 

Adrenaline is known to dilate the coronary vessels, though this effect 
cannot readily be demonstrated unequivocally in the perfused heart, be¬ 
cause it is difficult to determine to what extent a change in the rate of 
flow is due indirectly to alterations in the heart’s contractions. In most of 
our experiments on the perfused heart we recorded the coronary flow by 
Gunn’s syphon recorder [Gunn, 1926]. In Fig. 2 it can be seen that 
compound (2) in a concentration of 1 in 500,000 produces a very great 
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Pig. 2. Upper tracing = a, lower tracing ~h. Isolated perfused mammalian hearts: showing 
sympathomimetic action of mcthylene-dioxy-phenylethylamine, I in 500,000, on the 
cat’s heart (a), and absence of this effect even with 1 in 10,000 on the rabbit’s heart (ft). 
C.F. = coronary flow. 



Fig. 3. Isolated perfused cat’s heart: dimethoxy-phenylethylamine 1 in 10,000. Showing 
absence of sympathomimetic action with this compound on the cat’s heart. 

15—2 
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increase (about 600 p.c.) in the rate of flow through the coronary vessels 
of the cat, whereas a concentration fifty times as strong has no effect on 
the flow through the heart of the rabbit. 

Fig. 4 shows that increased rate of coronary flow is not dependent on 
the changes in the heart’s contractions. A solution of 1 in 200,000 of the 
meta compound produced an increase in the rate of flow of about 400 p.c., 
which could hardly be explained by the relatively slight augmentation of 
beat. The latter explanation was also negatived by the effect of replacing 
the amine solution by Locke’s solution, because this produced a reduction 
in the coronary flow in spite of still continued and even enhanced aug- 
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Fig. 4. Isolated perfused oat^s heart: V, = contractions of ventricle, C,F, =;coronary flow, 
each notch representing 2 c.c. Showing sympathomimetic action on the heart, with 
increased flow through the coronary vessels, produced by m-methoxy-phenylethyl- 
amine, 1 in 200,000. 

mentation of beat. The stimulant effect on the heart of the cat produced 
by compounds (1), (2) and especially (3) was very prolonged and often 
continued for many minutes after the solution was replaced by Locke’s 
solution. The effect on the coronary vessels passed off much more rapidly. 
There was also, particularly with compound (3), a noticeable delay {vide 
Fig. 2 a) in the onset of the stimulant effect, as compared with the sudden 
effect of adrenaline. This delay in action was observed also in the case of 
the other isolated organs. 

From these experiments on the isolated heart one could not evade the 
conclusion, which was far from expected, that compounds (1), (2) and (3) 
stimulated the sympathetic in the heart of the cat but not of the rabbit, 
while compound (4) had no sympathomimetic effect on the heart of 
either species. The results both on the heart itself and on the coronary 
vessels supported this conclusion. 
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Action on blood-pbessobb. 

(o) Cat. 

A large number of experiments were made on cats (decapitated) not 
only to determine the nature of the effects produced by the amines under 
consideration, but also to obtain some idea of the quantitative relation¬ 
ships between their activities and that of adrenaline. 

Fig. 5 attempts to give an epitome of these results. The method of 
obtaining this tracing may possess some novelty. The original records 



Fig. 5. Record of blood-pressure in decerebrate cat: showing comparative effects on blood- 
pressure of the following compounds in mg. per kg.: adrenaline 0*015 mg.; (l)p-methoxy- 
phenylethylamine 4*0 mg.; (2) m-methoxy-phenylethylamine 4*0 mg.; (3) methylene- 
dioxy-phenylethylamine 4*0 mg.; (4) dimethoxy-phenylethylamine 4*0 mg. Com¬ 
pounds (1), (2) and (3) resemble adrenaline in action qualitatively. 

were taken on a continuously revolving drum in the usual way. The 
tracings giving the effect of each drug were subsequently photographed 
separately on half-plate negatives, but at graded distances from the left 
edge of the plate. The five plates were then placed one over the other and 
a print taken through all five. The negatives were ol course all taken to 
the same scale. We are indebted to Mr E. G. Long for making this print 
according to instructions. 
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Table II gives the actual data. The corresponding figures for the 
rabbit are also given and will be referred to later. 

Table IT. 


Cat 


Drug 

Dose per kg. 
in mg. 

Rise of 

blood-pressure 
in mm. Hg 

Duration 
of rise 
in minutes 

Babbit 
Rise of 

blood-pressure 
in mm. Hg 

Adrenaline 

0015 

140 

H 

88 

Compound (1) 

40 

145 

4 

20 

Compound (2) 

40 

150 

4 

— 

Compound (.3) 

40 

128 

7 

15 

Compound (4) 

40 

50 

3i 

30 


The para and meta compounds produced, in equal doses, rises of 
blood-pressure almost equal in height and duration. In this respect they 
possess at least 1/300 of the activity of adrenaline and the effect is rather 
more prolonged. The methylene compound produced a smaller but more 
lasting rise of pressure. 

Compound (4) produced a comparatively small rise of pressure with 
a curve different from that of the others. A second injection of this com¬ 
pound, of 16 mg. per kg., produced a very transient rise of pressure of 
30 mm. followed by a prolonged fall. 

One experiment of the type described might not necessarily give 
comparable quantitative results because the previous injection of one or 
more drugs might render the animal less sensitive to the action of sub¬ 
sequent injections. Many such experiments have been done, however, 
in which the order of drugs injected has been different and the results 
were not substantially modified. From several experiments the average 
ratio of activity of these compounds was as follows: the para and meta 
compound had about 1/300, and the methylene compound 1/400, of the 
activity of adrenaline on the blood-pressure of the cat, and the type of 
pressure curve produced by them was entirely compatible with the view 
that they stimulate the sympathetic. 

As in the case of the heart and coronary vessels, the dimethoxy 
compound (4) did not produce a typical sympathomimetic effect. It pro¬ 
duced in small doses a small rise of pressure. 

Larger doses produced a temporary rise of pressure followed by a fall. 
Increase of dose beyond a certain point did not produce a further rise of 
pressure. In this respect also, it differed from the other three com¬ 
pounds. The secondary fall of blood-pressure produced in the cat by 
compound (4) bears at any rate a superficial resemblance to that pro- 
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duced by histamine. Fig. 6 (a) shows the preliminary rise and secondary 
fall of blood produced in a decapitated cat by the dimethoxy compound. 
This fall lasted several minutes. Six minutes later the same dose of the 
methylene compound was given (6), which produced the usual rise of 
pressure. Later histamine 1 mg. per kg. produced a characteristic fall of 
pressure (c). 

This experiment shows that, when the main effect of (a) is a fall of 
blood-pressure, (6) given subsequently still produces a rise of pressure. ^ 
Those compounds, therefore, act in different ways. The rise of pressure 
in (a) is due to a stimulation of arterial muscle and the subsequent fall in 
some ways resembles that produced by histamine (c). 



Fig. 6. Record of blood-pressure: showing (a) transient rise, followed by a fall, of b.p. by 
dimethoxy-phenylethylamine; (6) rise of b.p. by methylene-dioxy-phenylethylamine; 
and (c) fall of b.f. by histamine. 

(6) Rabbit. 

If the hypothesis (that the first three compounds stimulate the sym¬ 
pathetic in the cat but not in the rabbit, while compound (4) stimulates 
the sympathetic in neither species) drawn from experiments on the iso¬ 
lated heart were correct, then it would be reasonable to expect that there 
would be corresponding differences in the effects of the first three com¬ 
pounds on the blood-pressure of the cat and rabbit. This was found to be 
the case. In Table II are compared the effects of similar doses per kg. 
on the cat and rabbit. The rabbits were ansesthetized by urethane and 
had both vagi cut, so as to remove cardiac inhibitory influences which 
are also absent in the decerebrate cat. The table shows that, under these 
conditions, a given dose of adrenaline produces a smaller rise of pressure 
in the rabbit than in the cat. It also shows a complete lack of corre¬ 
spondence between the effects of equivalent doses of the amines under 
consideration on the blood-pressure of the two species. Thus a dose of the 
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para compound (4 mg. per kg.) which, in the cat, caused a rise of blood- 
pressure equal to that produced by O’OIS mg. of adrenaline, caused, in the 
rabbit, less than 25 p.c. of the rise produced by the same dose of adrena¬ 
line. Moreover a dose of the dimethozy compound, which caused in the 
cat a rise of pressure of one-third of that produced by the para compound, 
caused a greater rise than the latter on the blood-pressure of the rabbit. 



Fig. 7. Records of uterine movements (f7.),intestinal movements (/.),contraction8reoorded 
upwards, and blood-pressure (B.P,) in a rabbit, anaesthetized by urethane (vagi out). 
Showing (a) that methylene-dioxy-phenylethylamine does not produce sympatho¬ 
mimetic effects in the rabbit. The intestine is not relaxed or the b.p. raised as by 
adrenaline (6). 

In the case of all four compounds, no greater rise of pressure was pro¬ 
duced by increasing the dose. The rise of pressure was relatively in¬ 
significant and bore little resemblance to a sympathomimetic effect. This 
is illustrated in Pig. 7. In this experiment the same doses were given as 
in Figs. 5 and 8, but the effect of the methylene compound in the rabbit 
is inconspicuous as compared with the effect in the cat. This difference is 
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also shown by comparison with the same dose of adrenaline in each 
species. 

Experiments on blood-pressure, like those on the isolated heart, 
suggest, therefore, that the iBrst three compounds stimulate the sym¬ 
pathetic in the cat but not in the rabbit. In the rabbit they produce a 
slight rise of blood-pressure, such as might be produced by a weak stimu¬ 
lation of arterial muscle. The latter typ^ of eiSect is produced by the 
dimethoxy compound in both species. 

Additional evidence as to the presence or absence of sympathomi¬ 
metic action was obtained from experiments on other types of smooth 
muscle, viz. uterus, intestine, bronchi and pupil. 

Utefus, 

The uterus afEords a convenient test for sympathomimetic action as 
the nature of its response to sympathetic stimulation varies with dif¬ 
ferent species. Experiments were done on the uterus both in situ and 
isolated. 

In the former case the aneesthetized animal was immersed up to the 
thorax in a saline bath at body temperature; the abdomen was opened, 
the uterus at some point near the vaginal end was attached to a rigid rod, 
and a hook, inserted in the uterus nearer by an inch or more to the 
ovarian end, was attached by a thread to a lever which recorded the 
uterine movements. In some experiments the movements of the in¬ 
testine were similarly and simultaneously recorded. A record was also 
taken of the blood-pressure. 

Cat. In the ansesthetized or decapitated animal, compounds (1), (2) 
and (3) produced a relaxation, and inhibition of movement, of the non¬ 
pregnant uterus, identical with that produced by adrenaline. This is 
illustrated in Fig. 8. 

The isolated non-pregnant uterus was also inhibited by these com- 
poimds, in weaker concentrations (e.g. Fig. 9 a). Stronger solutions, how¬ 
ever, sometimes caused contraction of a non-pregnant uterus which was 
inhibited in the usual manner by adrenaline. There was considerable 
variation in different uteri as to the concentration which produced 
relaxation or contraction. 

Compoimd (4) produced contraction of the isolated non-pregnant cat’s 
uterus even when all other three compounds caused relaxation. This is 
shown in Fig. 96. In this experiment compounds (1), (2) and (3) pro¬ 
duced relaxation of the uterus in all concentrations up to 1 in 10,000. The 




Fig. 8. Record of intestinal movements (/.), uterine movements (f/.), contraction recorded 
upwards—and blood-pressure {B,P.) in a decapitated cat. Showing typical sym¬ 
pathomimetic effects, relaxation of non-pregnant uterus and of intestine and rise of 
blood-pressure. Contrast the effects in the rabbit, Fig. 7. 



Fig. 9. Isolated virgin cat’s uterus. Showing relaxation (sympathomimetic) action of 
m-methoxy-phenylethylamine, and (b) contraction (direct stimulation of muscle) by 
dimethoxy-phenylethylamine. 
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dimethoxy compound, however, produced a slight contraction with 1 in 
26,000 and a marked contraction with 1 in 10,000. 

The most obvious conclusion, and one which is supported by other 
evidence, to be drawn from experiments on the cat’s uterus is that the 
first three compounds have a double action, (a) a stimulation of the 
sympathetic, which is shown in the intact animal and by weaker con¬ 
centrations on the isolated organ, and (6) a direct stimulation of the 
uterine muscle, especially produced by higher concentrations, which 
marks the inhibitory effect of sympathetic stimulation. Factor (a) is 
weak or absent in the case of compound (4), which only exhibits the 
stimulant action on muscle. 
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Fig. 10. Isolated rabbit’s uterus. Ergotoxine, previously added, converted a motor effect of 
adrenaline into an inhibitor effect (a), but p-methoxy-phenylethylamine (6) still pro¬ 
duced a motor effect (direct stimulation of muscle). 

Rabbit, All four compounds stimulated the uterus in situ or isolated, 
of the rabbit (vide Fig. 7), As in this animal the effects of sympathetic 
stimulation and of direct stimulation of uterine muscle are identical, a 
motor response might be due to either action. A differentiation between 
the two possible actions could, however, be made by means of ergotoxine. 
In the experiment which is illustrated in Fig, 10, the isolated rabbit’s 
uterus responded to adrenaline, 1 in 1,000,000, by a powerful contraction. 
Ergotoxine, 1 in 100,000, was then added to the bath and, subsequently, 
the same concentration of adrenaline produced a marked relaxation of 
the uterus (a). According to the accepted explanation, ergotoxine had 
paralysed the motor sympathetic terminations of the uterus. But the 
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paxa compound, as shown in the figure, still produced a pronounced con¬ 
traction of the uterus (b). This contraction must, therefore, have been 
due to a direct stimulation of the uterine muscle. 

Guinea-pig. The uterus of the guinea-pig, whether pregnant or non¬ 
pregnant, is relaxed by sympathetic stimulation. All four compounds, 
however, in whatever concentrations they were employed, caused con¬ 
traction of the guinea-pig’s uterus. This is shown in Fig. 11, where both 



Fig. 11. Isolated guinea-pig’s uterus. Showing diSeienoe in action between methoxy- 
phenyletbylamines (direct stimulation of muscle) and adrenaline (stimulation of 
sympathetic). 


para and meta compounds in a concentration of 1 in 40,000 caused con¬ 
traction of the uterus, while adrenaline 1 in 4,000,000 caused the usual 
inhibition. 

Rat. The uterus of the rat, which is also inhibited by adrenaline, was 
stimulated by all four compounds. 

It is evident from these experiments that, in rodents, all four com¬ 
pounds have a stimulant action directly on uterine muscle and that there 
is no evidence of true sympathomimetic action with any of them. 
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Intestine. 

The intestine, isolated or in situ, of the cat was inhibited by com¬ 
pounds (1), (2) or (3), as is illustrated in Fig. 8. Strong solutions, e.g. 
1 in 6000, sometimes produced some increase of tonus of the exsected gut. 
The action on intestinal muscle, therefore, corresponds with that on the 
uterus, i.e. the effect of weaker concentrations is sympathomimetic, but 
a direct stimulant action on muscle may occur with strong solutions. In 
the rabbit or guinea-pig ^ however, the effect of all four compounds was to 
increase the tone or movements of the gut. A slight effect of this nature 
is seen in Fig. 7 a, which contrasts with the pronoimced relaxation of the 
gut produced in the cat (Fig. 8). Larger doses produced a powerful con¬ 
traction of the rabbit’s intestine. The inhibitory effect of adrenaline itself 
on the intestine muscle is also more pronounced in the cat than in the 
rabbit. 

Bronchi. 

Experiments were made on isolated bronchial and tracheal rings. The 
results were of the same type as had been found with other forms of 
smooth muscle. In the cat compounds (1), (2) and (3), but not (4), 
caused a relaxation of the bronchi, but in the rings of the rabbit they 
failed to produce this effect. 

As one of the original objects of this research was to attempt to dis¬ 
cover a compound which would have the same action on the bronchi as 
adrenaline or ephedrine but would be intermediate between these two in 
duration of effect, a typical experiment may be described in greater 
detail. 

As has been found by previous investigators, experiments on the 
bronchi, exsected or in si^w, may fail to reveal a sympathomimetic effect 
(dilator) owing to the muscle of the bronchi being already in a state of 
maximum relaxation. We found, as others have done, that it was neces¬ 
sary first to give some drug which would produce a degree of bronchial 
constriction in order that & dilator effect could manifest itself. For this 
purpose we used arecoline in low concentrations. 

Fig. 12 illustrates one such experiment. Arecoline, 1 in 3,000,000, was 
first applied and produced a marked contraction. Methylene-dioxy- 
phenylethylamine 1 in 10,000 was then added to the bath and, in spite of 
the continued action of arecoline, produced a rapid and marked relaxa¬ 
tion. The alkaloidal solutions were then replaced by Locke’s solution and, 
after an interval, the experiment was repeated with the substitution of 
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ephedrine for the methylene compound. The curves of the two experi¬ 
ments are remarkably similar and they suggest that, so far as the cat is 
concerned, the methylene compound acts on the bronchi very similarly to 
ephedrine. 



Fig. 12. Isolated bronchial rings of cat. Showing (a) relaxation by methylene-dioxy- 
phenylethylamine of bronchi, previously constricted by arecoline. This compound acts 
like ephedrine (6). 


Pupil. 

In the cat, sympathetic stimulation, or injection of adrenaline, pro¬ 
duces, among other effects on the eye, dilatation of the pupil and with¬ 
drawal of the nictitating membrane. Compounds (2), (3) and (4) were 
tested on a cat, anaesthetized with ether, to see whether they produced 
these effects. Compounds (2) and (3) in doses of 4 mg. per kg. produced 
withdrawal of nictitating membrane and wide dilatation of the pupil, but 
the same dose of compound (4) produced neither of these effects. This 
affords further confirmation for the view that compound (4) has no 
sympathomimetic action in the cat, corresponding to that produced by 
the other three compounds. 

Table III gives a summary of the actions of the four compounds. 
It shows that in the cat the first three compounds reproduce with com¬ 
plete fidelity both the motor and inhibitor effects of adrenaline. In 
rodents, however, they produce effects which do not correspond to those 
of adrenaline. Especially the characteristic cardiac effects are absent and 
the inhibitory effects on smooth muscle are absent or replaced by stimu¬ 
lation. The effects in rodents are characteristic of a direct stimulation of 
smooth muscle. 

Compound (4), on the other hand, has actions which do not correspond 
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with those of adrenaline even in the cat, but are typical of a stimulation 
of smooth muscle in all animals. 


Table III. Comparison of action of different compounds on different 
tissues in different species. 

[ + = contraction; — = relaxation; 0=no effect in equivalent doses.] 

Compounds Compound 
Adrenaline (1), (2) and (‘d) (4) 

"t- + -f + + 

+ + 4- + 0 

- 0 

- + 

- + 

- 0 

~ 0 


4- + 4- 4- 

+ 4- 0 0 

4- +4, 

4-4- 
0 0 


4-4* 

4-4- 

Discussion. 

The results of these experiments seem clear-cut and allow certain 
conclusions as to the relation between chemical constitution and physio¬ 
logical action in the particular group of compounds under consideration. 

Methylation of phenolic hydroxy groups in phenylethylamine com¬ 
pounds modifies the actions of the resulting compound on the central 
nervous system, on the sympathetic nervous system, and on involuntary 
muscle, in connection with which the following points may be of some 
general interest. 

Central nervous system, 

Methylation of a single —OH group in the para position changes the 
action from depressant to convulsant. A similar type of change has been 
described by Gunn and his co-workers in connection with the harmine 
alkaloids, for whereas harmol and harmalol, which possess an —OH 
group, are non-convulsant, harmine and harmaline, which differ from 
harmol and harmalol only in the methylation of this —OH group, are both 
convulsant [Gunn and Mac Keith, 1931J. * 

The meta-methoxy- and methylene-dioxy compounds also stimulate 
the central nervous system, but the action of the dimethoxy compound 


Cat: 

Blood-pressure 

Heart 

Coronaries 

Uterus (n.p.) 

Intestine 

Bronchi 

Pupil 

Rabbit: 

Blood-pressure 

Heart 

Uterus 

Intestine 

Bronchi 

Guinea-pig and rat: 

Uterus 

Intestine 
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is almost purely depressant. A scrutiny of the effect of methylation of 
hydroxyl groups (as a single change) on the action of different alkaloids 
on the central nervous system may, if sufficient data be obtained, lead 
to the possibility of some general rule being applicable to the physio* 
logical effect of this change in chemical constitution. In the meantime 
it is clear that relatively slight changes in the benzene nucleus of this 
type of compound, without alteration of the ethylamine side chain, can 
effect conspicuous alterations in the action on the central nervous 
system. 

Methylation of an —OH group does not necessarily lead to diminution 
of general physiological activity for p-methoxy-phenylethylamine is, by 
intraperitoneal injection, five times as toxic as p-hydroxy-phenyl* 
ethylamine. 

Sympathormmetic action^ 

The investigation of the actions of these compounds on the sym¬ 
pathetic system has led to some imexpected results. Para- and meta- 
methoxy-, and methylene-dioxy-, phenylethylamines all exert typical 
sympathomimetic actions on the cat but not on the rabbit, guinea-pig 
or rat. Many amines related to adrenaline produce sympathomimetic 
effects; but, as a rule, with greater variation from the structure of adrena¬ 
line, there occurs greater deviation from consistent or complete duplica¬ 
tion of the effects of sympathetic stimulation. Thus, of the amines which 
have been more completely investigated, tyramine and ephedrine pro¬ 
duce many effects which are definitely ‘‘sympathomimetic” but produce 
other effects on smooth muscle which cannot be explained simply by 
stimulation of sympathetic terminations. We hope in a future paper to 
reconsider some of the actions of tyramine and ephedrine in the light of 
the results obtained with the compounds dealt with in this paper. It may 
be suggested, however, that hitherto not sufficient attention has been 
paid to differences in reaction due to differences in the species of animal 
used. It has been usual to state that an amine has sympathomimetic 
actions on one organ and not on another. It would seem a priori more 
probable, however^ that the “receptor” substance for any particular 
amine should be either present or absent in all the organs of a particular 
species of animal than that it should be present in one organ, and absent 
in another organ, of the same species of animal. In other words, it would 
seem more reasonable to expect that, if a substance stimulates the sym¬ 
pathetic terminations at all, it would stimulate them throughout in the 
same animal. This certainly seems to be true of the first three compounds 
in our series. Any one of them could (though they would be less active) 
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act as a sympathetic hormone in the cat but not in rodents. Adrenaline, 
on the other hand, seems to be an almost universal sympathetic stimulant 
for all species of mammals. It is, however, possible, and the possibility 
has not perhaps yet been excluded, that the adrenal hormone may not 
be in all species of animals adrenaline itself but some near relative of it. 

That dimethoxy-phenylethylamine should fail to display sympatho¬ 
mimetic action even in the cat is a surprising result, especially in view of 
the fact that adrenaline has two —OH groups in the same position as the 
two methoxy groups in our compound. Some experiments, recently made 
in this laboratory with trimethoxy-phenylethylamine (mescaline) have 
shown that it also is devoid of sympathomimetic action. In their in¬ 
vestigation of the amines allied to adrenaline, Barger and Dale showed 
that the optimum condition of the nucleus for sympathetic action was 
provided by two hydroxyl groups in the benzene nucleus, but that a less 
degree of sympathetic activity was shown by mono- and tri-hydroxy- 
phenylethylamines. On the other hand, sympathomimetic activity is 
only shown by mono-methoxy compounds, and not at all by di- or tri- 
methoxy compounds. One cannot at the moment hazard any plausible 
conjecture as to why this should be. 

Direct action on smooth muscle. 

All the compounds of our series stimulate smooth muscle in rodents. 
In the case of the first three compounds, this action is, in the cat, usually 
masked by sympathetic stimulation. The fourth compound is the most 
powerful direct stimulant of smooth muscle, and this is its only peripheral 
action even in the cat. In some respects it recalls the action of histamine. 


Summary. 

The physiological actions of (1) p-methoxy-phenylethylamine, (2) 
m-methoxy-phenylethylamine, (3) methylene-dioxy-phenylethylamine, 
and (4) dimethoxy-phenylethylamine have been investigated. 

The minimum lethal dose per kg. by intraperitoneal injection for mice 
is approximately (1) 0-15 g., (2) 0*23 g., (3) 0*30 g. and (4) 0-42 g. 

The first three stimulate, the fourth depresses, the central nervous 
system. 

The first three stimulate the sympathetic terminsftions in the cat but 
not in rodents; the fourth has no sympathomimetic action in any of these 
animals. 


PH. LXXVI. 
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In the decerebrate cat, compounds (1) and (2) have about 1/300, 
compound (3) about 1/400, of the pressor activity of adrenaline. 

All four compounds have a direct stimulant action on smooth muscle 
in rodents. 

Methylene-diozy-phenylethylamine (3) is, in duration of effect, inter¬ 
mediate between adrenaline and ephedrine, and may be worthy of a 
clinical trial in the treatment of asthma. 
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STUDIES ON THE PHYSIOLOGY OF REPRODUCTION. 

IV. Changes in the adrenal gland of the female rat 
associated with the oestrous cycle. 

By DOROTHY H. ANDERSEN 
AND HELEN S. KENNEDY. 

(From the Department of Pathology^ College of Physicians and 
Surgeons^ Columbia University^ New York City.) 

Thebe are many isolated bits of evidence that point towards an intimate 
relationship between the adrenal cortex and the reproductive system. 
To review the entire literature relating to the subject is too large a task 
to be undertaken here. The two most suggestive types of evidence are 
the presence of abnormalities in secondary sex characters in cases of 
tumours of the adrenal cortex[Glynn, 1921, and others]; and the changes 
in the adrenal gland associated with various phases of reproduction. 
The present paper treats of the latter. 

Hypertrophy of the cortex has been found associated with pregnancy 
in guinea-pigs [Castaldi, 1922; Eolde, 1913; Guieyesse, 1899; 
Kolmer, 1912] and its occurrence in rabbits [Kolde, 1913; Stilling, 
1898] and in rats [Herring, 1920; Donaldson, 1924] has been denied. 
In mice there is diminution of the size of the adrenal, but hypertrophy 
of the zona glomerulosa [Masui and Tamura, 1926; Tamura, 1926]. 
The hypertrophy in guinea-pigs has been found associated with mitoses 
in the cortex and with enlargement of the cells in the zona fasciculata 
[Kolmer, 1912; Guieyesse, 1899; Castaldi, 1922]. It continues 
through lactation [Verdozzi, 1914]. A similar hypertrophy has been 
reported in spayed and castrated animals by Schenk [1910], Kolmer 
[1912], Kolde [1913], and others. Hatai [1913], working on rats, re¬ 
ported a decrease in the female and an increase in the male adrenal after 
removal of the gonads. 

All observers agree on one point, and that is that the adrenal weight 
varies greatly in normal animals. According to Donaldson [1916] the 
only other organ weights in rats weighing 160 g. vAich vary to the same 
degree are the gonads. Boycott and Kellaway [1924] suggest that 
this variability indicates that form and function are less closely related 

16—2 
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here than in most organs. However, we are as yet unable to name the 
function of the cortex and are therefore at a loss to say whether hyper¬ 
trophy means decreased function as in the thyroid or increased function 
as in most organs. Marassini [1906] noted a greater variability in the 
female, and many workers have observed a larger adrenal in the female 
than in the male. 

Enlargement of the adrenal in connection with ovulation has been 
noted in frogs [Stilling, 1898], moles [Kolmer, 1918], and in pigeons 
[Riddle, 1923]. In all of these animals the reproductive season is 
limited to early spring. The first two undergo other marked physio¬ 
logical changes at that time, so that a direct correlation between the 
adrenal and ovulation as pointed out by Stilling is not clear. The only 
animal having a more frequent period of oestrus and one uncomplicated 
by other factors which has been studied is the mouse. Masui and 
Tamura [1926] reported enlargement of the adrenal cortex during 
oestrus in the mouse, but give very few data. Howard-Miller [1927] 
and Deanesley [1928] were unable to confirm it. 

Many workers have investigated the effect of bilateral adrenalectomy 
on the oestrous cycle. The results have been variable, but the majority 
find a lengthening of the cycle in the adrenalectomized animals which 
do not have an abundance of accessories. The recent paper by Martin 
[1932] reviews the previous ones. That this effect is evidence of a specific 
cortico-gonadal relationship is unproven, as the oestrous cycle is known 
to be affected by any procedure which severely affects the well-being of 
the entire organism. 

The present work is based on the probability that if adrenal changes 
can be found in pregnant and castrated animals they may also be asso¬ 
ciated with changes in the oestrous cycle. 

The one property of the adrenal gland which can most readily be 
noted objectively and treated statistically is its weight, and it was felt 
that if a definite change in weight were found, one might expect to find 
also some change in the size or number of cells. Previous data obtained 
on adrenal weights in male rats convinced us that the relative weight 
was more constant, and therefore more significant than the actual weight 
at any given age, and it was therefore used. The rat was selected as the 
experimental animal because it has a regular cycle unrelated to season 
and because of the large numbers of animals required in obtaining re¬ 
liable statistical data on so variable a thing as the adrenal weight. 



PHYSIOLOGY OF REPRODUCTION, IV. 


249 


Technique. 

In all, 190 female virgin rats of the same breed were used, and all 
but a few of Series I were bred in the laboratory. 

The first series of rats used in this experiment and reported in Tables 
I and II included 127 animals. The rats were some of those used in an 
experiment on the effect of thymectomy on the age of puberty. In 20 of 
those reported in Table I the smears were not made over a long enough 
period to be suitable for the analysis in Table II. The adrenals, and in 
some cases the thyroid and pituitary, were weighed, and it was shown 
that thymectomy had no effect on the weights of these organs [Andersen, 
1932]. The data on these thymectomized rats are therefore included. 
All rats having any evidence of ear or lung infections at autopsy were 
carefully excluded, as these are known to affect the adrenal weights 
[Donaldson]. The rats were given a standard synthetic diet, ad lib. 
[Andersen, 1932], with due regard to good light, cage space, and water. 
Vaginal smears were made daily, beginning with the day on which the 
vagina opened. 

Inspection of the figures obtained from these rats and grouped ac¬ 
cording to vaginal smears on the day of death showed that although there 
was a definite difference in the mean absolute and relative adrenal 
weights at different stages of the cestrous cycle, the individual variation 
was great, especially during the late post-cestrus and dioestrus phases. 
The rats with irregular cycles or cycles 6 days or more in length were 
then placed in a separate group and the remainder were regrouped with 
relation to the number of days after the first appearance of abundant 
cornified cells (4-(-) in the vaginal smear. The rats showing nucleated 
epithelial cells were included in the “ pro-oestrusgroup as before. The 
day after this nearly all the rats had a vaginal smear showing “4 4-” 
cornified cells, and this was termed the day of oestrus. On the two days 
after oestrus the smear varied greatly: there were cornified cells, non- 
nucleated epithelial cells or leucocytes in varying amounts. The animals 
were grouped according to the number of days after oestrus instead of 
by the smear. The rats killed during late dicestrus, when the smear was 
still of the dioestrus type but the uterus showed early oestrus changes, 
were assigned to a separate group. The resulting figures gave a much 
sharper difference and this plan was subsequently followed. The grouping 
is therefore as follows: » 

(1) Pro-oestrus, smear showing epithelial cells, uterus much enlarged 
and filled with fluid. 
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(2) (Estrus, the first appearance of an abundance of comified cells, 
uterus enlarged but containing less fluid. 

(3) The day after (2), smear usually showing 4+ comified cells but 
sometimes non-nucleated epithelial cells or leucocytes, or any combina¬ 
tion of these; uterus rather smaller and contains no fluid. 

(4) The day after (3) with a smear showing a few comified cells or 
leucocytes; uterus quite small. 

(6) Two days after (4). This stage was included only when the rat 
had regular cycles of 6 or 6 days in length. When the cycles were longer 
the rats were excluded from this series and when shorter the data were 
placed under (1). It was therefore necessary to know the usual length 
of the cycle for each rat, which was fairly constant. 

(6) The day before expected cestms, smear dicestms; uterus shows 
early oestrus changes. 

Since some of these stages are so short as to be missed in smearing 
only once daily, the 53 rats of our second series and the 20 rats of our 
third series were smeared every 8 hours for a period covering at least 
three complete cycles. The hours chosen were 9 a.m., 6 p.m., and 1 a.m. 
The rats were killed according to the classification of oestrus given above. 
The pro-oestms group was killed immediately after the first appearance 
of large numbers of nucleated epithelial cells. The “oestrus’^ group was 
killed after the first smear, in which many comified cells were found, 
usually with many nucleated epithelial cells still present. The other 
group was killed at a given number of hours after “oestms’*: day after 
'^oestms,’’ after 24 hours; second day after ‘‘oestrus,’’ after 48 hours; 
dicestms, 60-72 hours; day preceding expected oestrus, at any period 
after 72 hours, when the utems showed early oestrus changes and the 
smear was still dicestms. 

These rats were of the same breed and received the same care as the 
first series, with the addition of 5 p.c. of dried yeast to the diet, which 
had no effect on the mean weight of either the body or the endocrine 
glands which were weighed. The results obtained from the greater fre¬ 
quency of smearing are only a little more clear-cut than in the first series, 
probably because the mean adrenal weight changes gradually during 
the cycle. In this second series the rats on the whole were a little older 
and heavier, but the majority in both series was between 80 and 140 days 
of age with the actual range 68-170 days. Four rats are added which 
had had no cycles for many weeks: they were all 8 months old and are 
not included in any of the other data. A third series included ten rats 
on a different but adequate diet, which contained 20 p.c. of fat. The 



261 


PHYSIOLOGY OF REPRODVCTION, IV. 

adrenals were serially sectioned and used for data on the cortex-medulla 
ratio. The weights of the adrenals in Series III are not included in the 
figures for adrenal weights at oestrus and dioestrus, but they correspond 
to them quite closely. 

The animals were killed with chloroform, and autopsied at once. The 
desired organs were quickly dissected clean of connective tissue and fat 
and placed at once in a closed weighing bottle. The lungs and temporal 
bones were examined for evidences of infection. The organs were then 
weighed at once to 0*1 mg. It is believed that the error in dissection and 
weighing of the adrenals and pituitaries is not over 0*6 mg. The error is 
much greater in the thyroid weights because the outlines of the gland 
are not clear-cut. Moreover, the parathyroids are embedded in the 
thyroids and the weight of the thyroid includes them also. The organs 
were removed from the weighing bottle one by one and the bottle was 
weighed after the removal of each. In the first series the adrenal was 
weighed in each case and the thyroid and pituitary in some cases. In 
the second series the pituitary, thyroid, adrenal, and thymus were 
weighed. The ovaries and uterus were examined and preserved, but not 
weighed. After weighing, the organs were placed in Zenker’s fluid, except 
that in some cases one adrenal was placed in 10 p.c. formalin for fat stains. 

In a group of 44 rats in the first series the ovaries, uterus. Fallopian 
tubes, pituitary, th 3 rroid, and adrenal were sectioned. In a group of 
16 rats of the second series these organs were serially sectioned. They 
were stained with hasmatoxylin and eosin. In the latter group frozen 
sections of one adrenal were made and stained for fat with Scharlach R 
and Nile blue sulphate. The data on the pituitary and thyroid changes 
will be presented in a subsequent paper. 

In the ten rats of the third series both adrenals were serially sectioned 
at 5/x and every tenth section was mounted. The sections were stained 
with hsematoxylin and eosin and tracings of the outlines of the entire 
adrenal and the medulla were made with a projection apparatus at a 
magnification of x 40. These tracings were measured with a planimeter 
and the volume of the entire adrenal was calculated from the following 
formula: 

1 • ~ X planimeter readings x 50^ (thicknesa of section) 

volume in cmm. — (factor of planimeter) x 40 (magnification) 

= S planimeter readings x 0*625. 

The volume of the cortex was obtained by subtracting the medulla 
from the total volume. 
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In each case the probable error of the mean is calculated from the 


formula; 


p.E. = 2/3 


The variations op the weight op the adrenal gland in 

RELATION TO THE (ESTROUS CYCLE, 

The first series of 127 normal virgin rats, when grouped according 
to the presence in the vaginal smear of epithelial cells, comified cells, 
leucocytes or no cells at all, gave the figures for the mean relative weight 
at these various stages which are shown in Table I. The difference be- 

Table I. The mean relative weight of the adrenals in various stages of the osstrous cycle 
grouped according to the type of vaginal smear on the day of death. 

Rats with cycles over 
Entire series 6 days in length 


Adrenals Adrenals 


Stage of cycle 

No. 

mg./kg. 

No. 

mg./kg. 

Pro-oestrus 

8 

250 

1 

193 

(Estrus 

32 

263 

4 

235 

Post-oestrus 

29 

240 

7 

236 

Dioestrus 

58 

237 

12 

206 

Entire series 

.. 127 

246 

24 

219 


tween the mean relative weight at oestrus and at dioestrus was not im¬ 
pressive, but in view of the number of animals represented it invited 
further investigation. 

Inspection of the individual figures showed that many of the low 
figures were in rats having irregular cycles. After first eliminating the 


Table II. The mean relative weight of the adrenals grouped according to the number of 
days after oestrus as well as by smear. Rats with long or irregular cycles are excluded, 
age 68-150 days, weight 110-182 g. 

Grouped by Grouped by No. of 
vaginal smear days after oestrus 


Adrenals Adrenals 


Stage of cycle 

Vaginal smear 

No. 

mg./kg. 

No. 

mg./kg. 

I. Pro-oestrus 

Nucleated E.C. 

7 

260 

7 

260 ±26 

II. (Estrus 

First day 4 + C.C. 

19 

283 

19 

283 ±28 

III. Post-oestrus 

Day after oestrus 

Second day of 4 + C.C. 
W.B.C. or non- 
nucleated E.C. 

4 

11 

239 \ 
251/ 

15 

248 ±24 

IV. Dioestrus—2 days 
after oestrus 

Varies; 4 + C.C., 
W.B.C. or no cells 

10 

2341 

29 

233 ±22 

V. Dioestrus—3 days 
after oestrus 

No cells 

19 

233 / 



VI. Day before ex¬ 
pected oestrus 

Very few or no cells 
Uterus oestrous 

13 

269 

13 

269 ±25 


Entire series 


... 83 


83 



PHYSIOLOGY OF REPRODUCTION, IV. 263 

rats on which records were inadequate, the rats having irregular cycles 
were separated off and the adrenal weights averaged. The resulting 
figures left no doubt that this group had a lower mean relative adrenal 
weight than the group as a whole (Table II). Further inspection of the 
remaining data showed that in many cases the rats killed on the first 
and second days after oestrus had no cells in the smear while others had 
4+ cornified cells or leucocytes. It seemed possible that the time after 
oestrus was a more important factor than the type of cells in the vaginal 
smear. The data were regrouped as described above with the results 
given in Table II. The figure for oestrus is considerably increased, while 
that for dioestrus is lowered a little. We conclude on the basis of this 
finding that changes in adrenal weight with the phases of oestrus are 
more closely correlated with the number of days after oestrus than with 
the smear on the day of death. 


The weight op the adrenal in relation to body weight. 

The figures in Table II show that there is a greater variation in the 
relative adrenal weight at oestrus than at any other period, and a less 
variation at dicestrus. This seems strange in view of the fact that the 
criteria for oestrus are more sharply defined than those of dioestrus. 
Moreover, it happened that one group of 25 animals in the second series 
on which we attempted to confirm the conclusions drawn from the first 
series were somewhat older and heavier than those in the first group. 
They ranged from 100 to 150 days in age and from 150 to 225 g. in 
weight. In this series the oestrus adrenal was surprisingly low and the 
dicestrus weight was a little lower than that in Series I. We were therefore 
led to collect all of our data on oestrous rats and arrange them by age and 
weight to see if there were a definite correlation. This correlation was 
found as shown in Tables III and IV and Fig. 1. The relative adrenal 


Table III. Rats killed at oestrus grouped by age. 



Mean 


Adrenals 

Age 

weight 

No. 

f - 

—A- 

(days) 

(g.) 

mg. 

mg./kg. 

Under 80 

137 

3 

45-4 

329 

81- 90 

147 

3 

40-7 

295 

91-100 

163-1 

8 

44-6 

279 

101-110 

162-6 

7 

42-7 

269 

111-120 

159*5 

4 

42-0 

224 

121-130 

198-3 

3 

48-0 

245 

131-140 

196-0 

3 

42-2 

218 

141-150 

188-6 

5 

48-1 

264 

151-160 

— 

0 

— 

— 

161-170 

219-8 

4 

61-9 

236 


Total 40 
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Table IV. Eats killed at cestniB grouped by weight. 


Weight 

ing. 

No. 

Mean 

age 

(days) 

mg. 

Adrenals 

-A-, 

.mg./kg. 

120-139 

4 

81*8 

41-3 

318 ±18 

140-159 

10 

101-4 

43-0 

287 ±28 

160-179 

13 

109-2 

44-0 

257 ±14 

180-199 

4 

131-2 

49-5 

258 ±27 

200-219 

7 

129-7 

47-7 

225 ±20 

220-249 

2 

166-0 

55-0 

235±13 


Total 40 



70 60 90 100 no 120 130 140 150 140 170 180 

Age in days 


Fig. 1. The relative weight of the adrenal gland at various ages in 
mature male and female rats. 

weight decreases progressively as the weight of the rat increases. Thia 
relationship is not so sharply defined in regard to age, although since 
weight is to some extent a function of age there is some change there. 
Our experience corroborates Donaldson’s tables in regard to the wide 
variations in weight in normal young adult rats, bred and kept under 
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conditions which are apparently the same. This table brings out the 
point that the absolute weight increases gradually with body weight. 

These clearly defined results led to rearranging the data for all stages 
of the cycle according to weight. On the basis of the figures given in 
Table IV it was decided that all rats under 160 g. would form one group, 
those between 160-180 g. a second group and those over 180 g. a third 
group. The results of this rearrangement are shown in Table V. It is 


Table V. Weight of the adrenals at various phases of oestrus grouped by weight. 

Body weight 


Stage of 
cycle 


Under ISO g. 

_ \ _ 


160-180 g. 

_A_ 


Over 180 g. 

No. 

mg. 

mg./kg. 

No. 

mg. 

mg./kg. 

No. 

mg. 

-^ 

mg./kg. 

Pro-oBstruB 

5 

39-6 ±40 

286 ±23 

0 

— 

— 

1 

37-7 

208 

(Estrus 

14 

42-5 ±3-4 

296 ±27 

13 

43-9 ±0*3 

265 ±16 

13 

49-2 ±4*3 

237 ±16 

First day 
after oBstrus 

7 

330d:2-4 

240 ±30 

4 

43 0 ±0*6 

263 ±25 

0 

— 

— 

Second day 
after oestrus 

19 

360 ±3-2 

249 ±23 

8 

41-4 ±0-4 

244 ±26 

6 

42 0 ±2-4 

212±6 

Third day 
afteroestrus 

7 

310±31 

212±18 

5 

40-2 ±0*7 

236 ±08 

1 

41-9 

216 

Day before 
expected 
oestrus 

11 

37-8 ±2-8 

278 ±20 

2 

60-0 ±4*0 

296 ±21 

0 




obvious that the greatest difference between the figures for both actual 
and relative adrenal weights for oestrus and dioestrus is found in the 
lighter rats. The adrenal weight at oestrus shows a much greater variation 
than that in dioestrus, although in both cases it is greater in the yoimg 
animals. 

CoBTBX-MEDULLA RATIO. 

The relative volumes of the cortex and medulla of the ten rats in 
Series III are given in Table VI, The rats were killed at phases 2 and 6 

Table VI. Weight of adrenal cortex and medulla. 

Adrenals 



Rat No. 

Age 

(days) 

Weight 

(g-) 

mg. 

- V 

mg./kg. 

CJortex 

mg./kg. 

Medulla 

mg./kg. 

OSstrus 

1081 op. 

61 

129 

34-7 

270*5 

263*7 

16*8 

Dioestrus 

1068 op. 

64 

149 

36*6 

245*6 

227*3 

18*2 

(Estrus 

1061 0. 

61 

127 

40-0 

315*0 

296*7 

18*3 

Dioestrus 

1076 0. 

62 

142 

35-8 

252*1 

2361 

17*0 

(Estrus 

1073 op. 

62 

170 

44-4 

261*6 

244*6 

17*0 

Dioestrus 

1079 op. 

63 

132 

31-2 

236*3 

217*4 

18*9 

(Estrus 

1058 c. 

63 

160 

41-6 

296*8 

260*7 

16*1 

Dioestrus 

1050 0. 

64 

149 

32-6 

218*2 

199*6 

18*6 

(Estrus 

974 

73 

168 

45*0 

268*0 

261*7 

16*3 

Dioestrus 

973 

72 

161 

38-9 

242*0 

226*4 

16*6 
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respectively. The mean percentage of medulla was found to be 6*08 ±0*17 
for oestrus and 7*51 ± 0-45 for dioestrus. The mean relative weight of 
the cortex as calculated from this percentage is 261*5 ± 12*2 mg./kg. 
for oestrus and 221*0 ± 8*3 for dioestrus. The mean relative weight of 
the medulla is 16*9 ± 0*5 mg./kg. for oestrus and 17*9 ± 0*6 for dioestrus. 
It will be noted that the difference in cortex weight for oestrus and 
dioestrus is significant, while that for the medulla is not, in view of the 
probable error. This means that the change in weight is due entirely to 
cortex. 


Histological changes. 

A comparison of the sections taken from rats killed at oestrus and 
at 60 hours after oestrus, tmder the standard conditions given above, 
reveals no change in the medulla as seen in the hsematoxylin and eosin 
or fat stains. There is a change in the cortex (Fig. 2). In dioestrus the 
adrenal has a wide and clearly defined glomerular zone, outlined by a line 
of condensed nuclei from the fascicularis. The cells in the outer portion 
of the fascicularis are somewhat larger than those in the inner portion, 
but they contain few vacuoles. The cytoplasm is decreased in the inner 
zone and it merges without any sharp demarcation into the zone of cells 
bordering the medulla. Near the medulla and often lying adjacent to 
it are small groups of cells with an eosinophilic cytoplasm which is more 
abundant than that in most of the cells of the inner third of the cortex. 

In the adrenal at oestrus the glomerular zone is narrower and less 
clearly demarcated from the fascicularis. The cells of the outer half or 
two-thirds of the zona fascicularis are much enlarged, pale and vacuo¬ 
lated. The margin between this area and the more compact cells of the 
inner third of the cortex is irregular and not sharply defined. The 
eosinophilic cells near the medulla are enlarged, contain vacuoles 
and resemble the cells of the outer portion of fascicularis. Mitoses are 
extremely rare in the adrenal during both oestrus and dioestrus. 

Scharlach R stains on frozen sections of the adrenal at dioestrus show 
an abundant deposit of large droplets of lipoid in the cortex which take 
the stain deeply. The margin of concentrated cells between the glome¬ 
rular and fascicular zones and the more compact cells of the inner third 
of the latter do not take the stain. The nests of cells near the medulla 
do take it. At oestrus a few cells of the outer fourth of the medulla and 
some of the cells next the medulla contain large droplets which take the 
stain, but most of the cortex stains a diffuse pale red. Nile blue stains 
most of the cortical cells blue, although there is a little red-stained 
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material in the inner portion of the zona fasdoularis. The blue is some* 
what more abundant at cestrus, although the difference is not as striking 
as in the Soharlach B stains. 

The adrenals in animals having irbegulab cycles 

OR NO CYCLES. 

^he data given in Table 1 show that the adrenal weight is quite 
.l6w in animals having imusually long or irregular cycles. This led us to 
watch for animals which had had no cycles for some weeks preceding 
autopsy. Most of these animals were infected and therefore unsuitable 
for comparison, but four were found which were uninfected, and the 
adrenals in these animals were found to be quite small, and to have 

Table VII. Bate that had no oyoles for several weeks preceding autopsy. 

Ovaries without corpora lutea or large follicles. 


Bat 

Age 

(days) 

Weight 

(g.) 

mg. 

ing./kg. 

43-85 

246 

165 

23 

139 

45-05 

239 

169 

31 

198 

46-07 

239 

196 

29 

148 

46-10 

239 

187 

34 

182 


approximately the same relative weight as the adrenals of our spayed 
animals (data unpublished) (Table VII). Whether the lack of ovarian 
activity or the small adrenal is primary is, of course, still unknown. 

Discussion. 

The evidence presented points to a definite change in the physiology 
of the adrenal cortex associated with oestrus. Whether this is an increase 
or decrease of activity is still a problem. It also remains to be proven 
that this change signifies a specific causal relationship. 

Conclusions. 

1. The absolute and relative weights of the adrenal glands of the 
virgin female rat are greater at cestrus than at dicBstrus, providing that 
the body weight is the same. 

2. Rats having had irregular cycles or cycles of 6 days or over are 
found to have a lesser absolute and relative mean adrenal weight both 
at cestrus and dioestrus than those with regular cycles. 
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3. If the relative adrenal weights of the rats killed at oestrus are 
grouped according to the body weight of the rats, it is found that the 
absolute weight of both adrenal glands increases with body weight, while 
the relative weight decreases. The correlation is less close when the 
grouping is by age. 

4. The relative adrenal weight of the rat in dioestrus is a fairly 
constant figure, regardless of the regularity of the cycle or the weight of 
the rat and is 0’20-0*23 g. per kg. body weight. The absolute weight is 
variable. 

5. The difference between the mean relative weight of the adrenal 
gland at oestrus and dioestrus is therefore greater in lighter emimals. In 
our series of 63 animals weighing less than 160 g. and having had regular 
cycles the mean relative weight at oestrus was 296 ± 27 mg./kg., and at 
dioestrus 212 ± 18. The difference in relative weight is about 26 p.c. of 
the figure for oestrus. 

6. The difference between the mean absolute weight of the adrenal 
gland is also greater in lighter animals. The figures for the rats weighing 
less than 160g. are: oestrus, 42 ± 3*4 mg.; dioestrus, 31 i: 3'1. This 
represents a difference of about 25 p.c. of the weight at oestrus, and of 
11 mg. between the two means. In the rats weighing 160-180 g. tibe 
difference is 4 mg. or about 9 p.c., and in those weighing over 180 g., 
7 mg. or about 14 p.c. The mean difference in actual weight is therefore 
in the same order of magnitude in these series, although the niuuber of 
rats in the last two groups is not great enough for the actual figures to 
be final. 

7. The increase in weight is found to be due entirely to increase in 
the size of the cortex. The cells of the zona fascicularis and of the cell 
nests near the medulla are enlarged during oestrus and contain an in¬ 
crease in lipoid which appears pale pink when stained with Scharlach B. 

8. Since the weight and histological appearance of the adrenal of 
the unmated female rat is so variable it is suggested that, in experiments 
in which the sex of the animal is a matter of indifference and the weight 
or appearance of the gland is a criterion, male animals should be used. 
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RETROGRADE POLARIZATION, A THEORY OF 
SYSTEMATIC ERRORS IN MEASUREMENTS OF 

MUSCULAR CHRONAXIE THROUGH RINGER’S 
FLUID OR WITH LARGE ELECTRODES ^ 

By LOUIS LAPICQUE. 

{From the Laboratory of General Physiology, Sorbonne,) 

In the conclusions of a recent paper [Lapicque, 19316] I recalled that 
chronaxie '‘reveals a deep modality, an essential property of each par¬ 
ticular organization of the living matter’’; this assumes that chronaxie 
depends only on the specific properties of the excitable tissue and not 
on the way the electric current is applied to it. 

This proposition is essential. The various applications of chronaxie 
have been derived from it. These deductions have been verified by 
experiment, and thus we might consider the principle verified. But it is 
worth wliile to discuss the fact itself, considering only experiments on 
chronaxie measurements; for it has been contested on this ground, par¬ 
ticularly with regard to the size of the electrodes. 

In 1926 I was obliged to leave the question open, but I believe I am 
able to solve it now. 

The discussion is related to muscle only; those who oppose my views 
admit that for nerve everyone is in agreement; though, even in this case, 
there is an appearance of changes in chronaxie under the influence of 
some experimental conditions, e.g. the chronaxie seems to depend on 
the distance between the electrodes. It will be interesting to discuss 
this fact now as an introduction. 

We shall first give the experimental facts without using such abstrac¬ 
tions as rheobase and chronaxie. The liminal potential for long dura¬ 
tions and the liminal duration for a potential twice as high as the pre¬ 
ceding one, do not depend on the distance between the electrodes above 
1 cm.; the first increases while the second decreases^when the distance 
between the electrodes is decreased below 1 cm. 

^ Translated from the French by Andr^e Monnier*I)nmont. 

PH. LXXVI. 


17 



262 


L, LAPICQUE. 


In order to deal with rheobase and chronaxie, the electric oorrent 
must develop freely its physicochemical action in the tissue, the efficiency 
of this process on the tissue for stimulation being stopped at a given 
time by an effect depending on the tissue itself. It is this particular 
effect which, by its precocity or its delay, characterizes the tissue chrono¬ 
logically, and chronaxie must represent this very characteristic. If, for 
any reasons, another electrical disturbance hampers the action of the 
current on the tissue, before the stimulation process is stopped by the 
normal antagonistic process, we shall evidently miss the information we 
are looking for in the electric stimulation. For example, if the reverse 
polarizations which are developed at each electrode come in contact and 
neutralize each other, the limitation of the effect of the current would 
depend on something else than the tissue itself, and consequently the 
chronaxie measured is a false one. 

This happens in nerve when the electrodes are only a few millimetres 
distant. Diffusion, as meant by Nernst (diffusion of a salt in water), 
would be much too slow to cause each polar perturbation to spread till 
it came in contact with the other. But the nerve (core conductor) 
contains in its axis a more conducting central part separated from a less 
conducting sheath by a polarizable surface. As soon as polarization 
starts under one electrode it spreads lengthwise, not by the effect of 
diffusion, but by the action of the current itself which, when opposed 
by the counter electromotive force that is just created, goes farther and 
farther to untouched surfaces. This phenomenon, known for almost a 
century, is the physical electrotonus. Its propagation is compara¬ 
tively very rapid. From all we know, there is no difficulty in admitting 
that through this mechanism a notable transmission of positive ions 
might take place in a thousandth of a second through a centimetre, 
from the anode to the cathode; that is to say, some neutralization of 
the cathodic polarization. And this accounts perfectly for the so-called 
variations of rheobase and of chronaxie according to the variations in 
the distance of the electrodes. 

But such a denomination is evidently inaccurate. There is only one 
chronaxie: that obtained with a sufficient distance between the electrodes 
to give the maximum value, which, above this distance, is independent 
of this experimental condition. This being the case, the value is con¬ 
ditioned only by the properties of the nerve itself and is the chronologic 
picture of these properties. On the contrary, when the electrodes are 
nearer to each other, the liminal duration observed is conditioned by a 
purely physical phenomenon and thus is not a chronaxie. We must not 
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say "ohronazie decreases with the distance between the electrodes,” 
but “below a certain distance we are detding, not with a true chronazie, 
bat with a j>seudo-chronazie deprived of any physiological significance.” 


The influence of the size of the electrodes on muscular chronazie 
measurements offers a problem just the reverse of this one, or better, 
symmetrical with this one. Let us approach this question as it was 
presented by Davis [1923]. He says: 

The various workers have been in good agreement as to motor nerve....For striated 
muscle, however, Lapioque and his school find a chronaxie essentially the same as 
that of its motor nerve, while Lucas found it approximately ten to twenty times as long. 
The techniques of the two differ in that Lapicque stimulates the muscle with a small 
silver electrode, while Lucas used...his fluid electrodes. More recently, Jinnaka and 
Azuma have applied the pore electrodes...to the study of this problem, and have found 
values in general agreement with Lapicque...the different values are characteristic of 
the different techniques. The important variable is the size of the electrode. A small 
electrode, such as pores from 3 up to 75f( in diameter, or a metal wire, gives short ohronaxies, 
from 0*0002 sec. to 0*0005 sec., while fluid electrodes of the Lucas type give chronaxies 
up to 0*02 sec. By varying the size of the effective electrode, nearly the whole range of 
the intermediate values can be covered. 


He concludes as follows: 


The pore electrodes resemble a little more closely, in point of size, at any rate, the 
physiological method of stimulation, t.e. by the nerve...but until the laws governing the 
wide variations can be worked out, it does not seem possible to speak of any single 
chronaxie as characteristic of a given muscle. 


One would suppose that this note, without any numerical result and 
qualified by the author himself as “preliminary report,” would have 
been followed by a more precise paper. To my knowledge, Davis has 
not published such a further paper. But a year later, Watts [1924] 
published a report, evidently a continuation of the work, using even 
Davis’s own electrodes. These were, on the one hand, two Pratt elec¬ 
trodes, A with a pore of 3-5/x in diameter, the other B with an elliptic 
pore of 73 x 44fc; and on the other hand, C, a fluid electrode of Keith 
Lucas, with a slot of 5 x 1 mm. 

These electrodes being applied on the pelvic end (nerveless) of a 
frog’s sartorius, the following values were obtained as chronaxies, 
^‘representative values commonly obtained”: 


Electrode 


8 ize in mm. 


A 0*0039 

B 0*073 X 0-044 

a 6x1 


Chronaxie in a 

0*15 

0*56 

2*7 


17-~2 
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Another Lucas’s electrode with a slot 3-6 times as great— 
7-6 X 2*6 mm.—gave the same values as C; Watts takes no more 
account of this one, and from the three preceding ones, he concludes 
that Davis’s demonstration of chronaxie as dependent on the size of 
the pore is confirmed. 

At a first glance these figures may be impressive. But, if we consider 
the constitution of Pratt’s and Keith Lucas’s [1906] electrodes, of 
which Watts does not speak, we readily see that the conditions are 
not homologous. 

Pratt’s electrodes are made of thin glass tubes which are held per¬ 
pendicularly to the muscle; the section in contact with the muscle is 
composed of a comparatively thick wall and of a microscopic hole (pore). 
The tube is filled with Ringer solution, through which the current is led. 
This is the cathode. In Watts’s experiments the whole preparation, 
i.e, the whole frog with its muscle uncovered and left in situ, is immersed 
in physiological solution, the anode being dipped in this solution. 

In Keith Lucas’s fluid electrode the muscle is suspended inside a 
tube with a hole (slot) across its bottom. A more or less long part of 
the muscle goes through that hole; the part left above is maintained 
in physiological solution by atmospheric pressure, the top of the tube 
being closed by a cork, and the electric (negative) current being intro¬ 
duced through a lateral bifurcation. At some distance below this elec¬ 
trode, the inferior part of the muscle touches another physiological 
solution which constitutes the anode. Consequently, with Pratt’s elec¬ 
trodes the current comes in contact with the muscle crosswise at a 
definite and limited surface. With Keith Lucas’s electrodes the current 
goes lengthwise all around the muscle; near the hole the lines of current 
converge toward the muscle and penetrate all around it; the surface of 
penetration is not the surface of the hole, but the product of the muscle 
circumference by an undetermined length. Thus the two kinds of elec¬ 
trodes are completely different, and it is not justifiable to make a series 
in which the dimensions of the holes of one of them are compared with 
those of the other. The two cases must be studied separately. 

The glass tubes applied at right angles to the muscle give a definite 
dimension for the electrodes; with these tubes we shall be able to deter¬ 
mine if the dimension of electrodes has any influence on chronaxie. 

In all my experiments, until 1930, I had never observed such an 
influence, but I always used relatively small electrodes, either thin silver 
wire or small brushes; now, I undertook to find out systematically if 
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there is any such influence. I found it practical to use my non-polarizable 
electrodes made of red glass and modified as follows: the end of the tube 
with the hole has been drawn and curved; by means of a short rubber 
tube, I could add interchangeable endings made of drawn glass; the free 
end of these endings is a cross-section, ground smooth on a very fine 
emery grinder. The dimension of the hole (as well as the thickness of the 
wall) is measured imder a microscope of low magnification (x 30), with 
an ocular micrometer previously scaled to an objective micrometer. 

I prepared a series of such endings with different diameters, varying 
from 0*08 to 2-5 mm.; the thickness of the walls varied independently, 
from 0‘3 to 1*5 mm. For my experiments I used the sartorius muscle of 
frogs, generally R. fusca, in which the dissection is easier. After the 
dissection, which must be done very carefully to avoid any injury to the 
muscle, the preparation is put in physiological solution to rest for about 
half an hour. Then it is fixed on the bottom of a small trough by two 
vegetable thorns which are pinned, not through the muscle itself, but 
in fragments of adjoining muscles left attached to it at each end for 
that purpose. The electrode described above, manipulated with a screw 
providing a fine adjustment, is placed at a right angle in the middle of 
the pelvic end, gently pressed against the muscle surface. The trough is 
filled with Ringer solution and a silver anode is dipped in it. Chronaxie 
is measured by means of a chronaximeter functioning by the break of 
a short circuit, giving in that way measurements within 0*1 a. 

Here are the details of the first experiment, which gave already some 
significant results. 

October 26, R, fusca; sartorius. Capillary cathode on the middle of the pelvic end. 
The anode is dipped in the solution, 1 cm. away from the distal end of the muscle. 

Electrode diameter of the hole 0*12 mm., thickness of the wall 1*3 mm.; liminal 
voltage for 30 a (rheobase) 4*5; with a voltage of 9*0, the threshold is reached when the 
duration is reduced to 0*4 a. 

Electrode F: hole 0*66; wall 0*46—rheobase 0*96; for a voltage of 1*9, liminal dura¬ 
tion 0*4. 

Electrode B: hole 0*16; wall 0*52—rheobase 2*2; for a voltage of 4*4, liminal dura¬ 
tion 0*4. 

The anode is changed to the pelvic side 1 cm. away from the end of the muscle. 

Electrode B: rheobase 5*0; for a voltage of 10, liminal duration 0*3. 

Electrode A : rheobase 4*0; for a voltage of 8, liminal duration 0*3. 

The capillary electrode is replaced by a silver wire as in the experiments of my 
preceding papers [Lapicque, 1931]: rheobase 1*9; for a voltage of 3*8, liminal dura¬ 
tion 0*7. ^ 

The results, within the limits of experimental variation with capillary 
electrodes, are, as to their liminal duration when the potential is double 
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that of the rheobase, independent of the instrumental conditions^. Thus 
they correspond to the definition of chronaxie. On the other hand) the 
value obtained with the silver wire, being about double, shows a slight 
extra phenomenon, in a way which we shall explain further; we must 
call this figure a pseudo-chronaxie. 

The thickness of wall (the minimum being 1 mm.) has no effect. This 
may seem surprising when one remembers that chronaxie decreases 
when the electrodes are nearer to each other. Indeed, here the anode is 
diffuse around the cathode, whose conductivity is greater than that of 
the muscle, so that the distance between the point of entrance and of 
exit of the current (that is to say between the efficient electrodes) varies 
with the thickness of the wall. We have recalled how in nerve this 
condition leads to some important consequences. But there is no reason, 
a priori, to find the same physicochemical mechanism in muscle as that 
based on the existence of a more conducting core. In fact, I do not 
know any experiment made on muscle on the influence of the distance 
between the electrodes on chronaxie. It seemed useful, therefore, to take 
up this point. 

We® operated on sartorius muscles either immersed in Ringer, or in 
the air after a long rest in the solution. (The muscle is then wiped before 
the experiment.) We took two of our capillary electrodes or only one 
and a silver wire, both being placed on the nerveless region of the muscle, 
lengthwise, in order to make the current flow in more or less long portions 
of fibres and not jump from one fibre to another. When we increased or 
decreased the distance between the electrodes we observed, in some cases, 
irregular variations which had no relation to the distance between the 
electrodes. As a rule the result is the same, within the range of experi¬ 
mental error, whether the electrodes are at 6 or 2 mm. apart. If we put 
them very far apart, 26 or 30 mm., i,e, almost across the whole length 
of the muscle, we still obtain the same figure as for any possible distance 
within the pelvic end, but we do not then know whether or not we have 
provoked a nervous stimulation; at any rate, if the electrodes themselves 
are not able to introduce an a effect, according to a mechanism which 
we shall explain, the distance between them has no effect on chronaxie. 

^ The variation from 0*4 to 0*3 when the position of the anode is changed is not 
significant, as the determinations are accurate only to within a tenth of a a. However, 
the temperature having risen slightly during the course of the experiment, there might 
be actually a slight decrease in the chronaxie, at any rate, not correlated with the direction 
of the current. 

* Every experiment has been performed with Madame Lapicque. 
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Thus it is no longer surprising that the thickness of the wall showed 
no influence. 

Let us go back now to our main question: that is the influence of 
the diameter of the conducting electrode in its insulating sheath, in other 
words, the inside diameter of our capillary endings. 

All the following experiments have confirmed the first one, and they 
emphasize a general result which we can formulate in this way. From 
the smallest diameter used, one-tenth of a millimetre, to five or six- 
tenths of a millimetre, the size of the electrodes has no influence what¬ 
soever. 

But above six or seven-tenths of a millimetre the minimal duration 
for a potential twice that of the rheobase increases regularly with the 
diameter of the ending. This increase, already conspicuous for a diameter 
of 1 mm., reaches several a for a diameter of 2*5 mm. 

Here are the figures of a few experiments given in the order they 
were made; in each couple of figures, the first one represents the diameter 
of the hole in mm.; the second, in heavy type, the duration foimd in 
thousandths of a second. 

October 27: 0*36, 0-4; 0-16,0-3; 0-66, 0-3; 1-5,1-0; 0-66, 0-4; 2-0,1-6; 
1-0, 0-6; 2-5, 3*0. 

October 28: 0*66, 0-6; 0-24, 0-3; 0-15, 0-3; 1-5,1-3; 2-5, 2-8; 0-45, 0-4; 
10, 0-7. 

November 3: 0*36, 0-5; 1-0, 0-6; 0-15, 0-55; 2*5, 2*5; 1-0, 0-6; 0-80, 
0-65; 015, 0-60; 0 08, 0 46. 

November 14: 0*15, 0-3; 0-30, 0-3; 0-40, 0-3; 0-90, 0-5; 2-5, 1-2. 

These values plotted graphically (abscissae: diameters of the electrode; 
ordinates: liminal duration for twice the rheobase) outline systematic 
curves, each one tending, when starting from large sizes, distinctly to¬ 
ward a constant value which is practically reached between 1 and 0*5 mm. 
For smaller sizes the variations obtained in our measurements are within 
the range of experimental error. 

We have not in fact used any diameter smaller than about one-tenth 
of a millimetre. Watts used a much smaller one, of the order of a 
thousandth of a millimetre, but the values he obtained are hardly smaller 
than ours; the author gives 0’15or as a representative figure, but his 
experimental figures range from 0*12 to 0*35a. Furthermore, Jinnaka 
and Azuma [1922] who were the first to make measui^ments with Pratt’s 
electrodes, found, with a diameter of 10ft, chronaxies of 0*2 to O-Sa for 
the sartorius. Thus, from the experimental point of view, it is not likely 
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that the curve, after it has reached a constant value for diameters of a 
few tenths of a millimetre, should present a new decrease for much smaller 
diameters. 

Outside the range of constant values, the important fact is an 
ascending slope of the curve toward large diameters, but, as we noticed 
that for 2-6 mm. we obtained figures around So, it is worth while to 
recall values obtained with the bath constituting a “fluid cathode” 
when the length of the muscle exposed to the current is progressively 
reduced. The pseudo-chronaxie decreases from 20a for half of the muscle 



Fig. 1. Two experiments, each one demonstrating the pseudo-chronaxie (as ordinate), 
raising above the chronaxie (on the left side) according to the diameter of electrode 
(as abscissa). 


to 3a for 2-3 mm. [Lapicque, 1931 6, p. 220]. In other words, the 
capillary electrode on one side and the solution as used by Rushton on 
the other give the same chronological characteristic for stimulation 
when the same length of muscle undergoes the action of the current 
through the Ringer. The two series of measurements join each other 
within the limits of experimental error; Fig. 2 illustrates this point. Thus 
it may be quite possible that one and the same phenomenon is involved 
for the ascending part of the curve with one or the other apparatus. 
I previously called this phenomenon the a effect. Every chronological 
characteristic located on the ascending branch of the curve or on the 
part which joins it with the horizontal branch, must be, for one and the 
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same reason, called a pseudo-chronaxie. The horizontal branch is the 
only location of true chronaxies, that is to say, independent of instru¬ 
mental conditions, but determined by the muscle’s own properties. 

There is not only an abstracted, a theoretical limit when the size of 
the electrodes tends toward 0, as Davis thought. There is, practically, 
a notable range of dimensions where this value is not a function of the 
calibre of the electrodes. This circumstance is convenient; from the 
practical point of view, we do not need to take into consideration the 
calibre, if we keep it below a given dimension, and that is easy to estimate 



Fig. 2. Schematic graph, to show how experiments with electrodes of varying sizes (in A) 
join experiments in bath of varying lengths (in B). Chronaxie or pseudo-chronaxie 
as ordinate, length of muscle submitted to electric current as abscissa. 


directly as we have always done in our previous experiments in a purely 
empirical way. 

We can now see the very symmetrical correspondence between 
muscular stimulation and nervous stimulation; for nerve, the electrodes 
must be kept apart at a distance at least equal to a certain minimum, 
otherwise the chronaxie measurement is falsified by the reciprocal action 
of electrotonic polarizations. For muscle,'<the cathode must remain, as 
to its size, below a certain maximum dimension, otherwise the measure 
is falsified by an a effect. Though this effect had beemleft undetermined, 
our previous results [Lapicque, 1931 6] show again a great symmetry 
between the conditions for this effect on muscle and the conditions which 
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Jnrovoke an electrotonus on nerve; for nerve the current reaches the 
excitable part, the axone, through a less conducting sheath; for the 
a effect, the current reaches the excitable part, the muscle itself, through 
a sheath of Binger more conducting than the muscle itself. 
We can conceive that these two opposite conditions, if combined, might 
more or less neutralize each other. This could explain how a nerve 
electrically stimulated through Ringer solution might present but a 
slight a effect [Lapicque, 1931 6, pp. 237 et seq,). 

Now if we try to imagine what the a effect might be in itself, this 
comparison with the nerve inclines us toward the idea of a polarization, 
as I suggested in the preceding paper. This idea, unprecise when appara¬ 
tus derived from Rushton’s [1930] was used, becomes easy to determine 
if we consider tubular electrodes, that is to say, cylinders of Ringer sur¬ 
rounded by an insulating sheath. 



Fig. 3. ’Theoretical figure for the understanding of the retrograde polarization (see text). 


Let us consider a muscle represented by a single tibre^; we shall use 
as a basis for our scale its crosswise dimensions. AB is the diameter of 
the Ringer solution which touches the fibre; AW and BW' the cross- 
sections of the wall on the same diameter; R and i?' the Binger solution 
outside the negative electrode. Suppose the anode is placed in this 
solution on the left of the figure (in R). When we create a potential 
difference in the circuit, the stimulating (i.e. negative) current must pass 
from AB to R through the muscle; of course, at first it will mostly pass 
in A, as in a vertical cylinder of Ringer the way to any point in AB 
offers the same resistance; but the next conductor constitu’fced by the 
muscle offers a resistance proportional to its length, therefore weaker 

* Concerning the muscle, the UFord fibre is not unequiTooal; I mean Ley dig’s primary 
bundle, which 1 now call my on, that is to say the functional muscular element, just as 
a neuron is the functional nervous element [Lapicque, 1932]. 
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from A than from any other point and becoming greater the farther we 
go from W. But the muscle surface is polarizable^ which means that a 
oounter*electromotive force is developed on each surface element, more 
or less rapidly, according to the intensity of the current going through 
this element. Thus A will be polarized most rapidly and then the current 
wiU be diverted toward 6, where polarization will again increase and 
divert the current still farther. When the polarization thus reaches 
the current will be obliged at last to overcome directly the counter¬ 
electromotive force of polarization and to finish, in the muscle, the 
development of the process from which stimulation arises. 

We see then that the minimal time during which we must keep the 
circuit closed for a given potential, in order to stimulate, is composed 
in the abstract of two distinct elements: 

(1) the time necessary for polarization to develop itself along AB, 
time which of course is a function of this length; 

(2) the time necessary to terminate the normal process of stimulation, 
which is a function of the intensity according to the properties of the 
tissue. This factor is normally given by the chronaxie. 

With very small electrodes, the polarization difference between A 
and B can be practically neglected. We are dealing purely with the 
excitation time, and under those conditions the liminal duration for 
twice the rheobase is a true chronaxie. 

When AB becomes longer, we have, for each intensity, first a polariza¬ 
tion time, then an excitation time; the sum of these two time factors is, 
necessarily, for any intensity, greater than the pure and simple excitation 
time; this is particularly true when after the measure of the liminal 
intensity for long durations we look for the Uminal duration with a 
double intensity. Whether the first intensity differs or not from the real 
rheobase, the duration obtained is different from the chronaxie; we 
readily see how right we are in calling it a pseudo-chronaxie; it is 
always greater and may become considerably greater if polarization takes 
a long time, and this happens when it has to cover a large surface. With 
an electrode of 2-3 mm., the pseudo-chronaxie is 2-3a. We can conclude 
that here the polarization time already constitutes the greater part of 
this duration. 

With Rushton’s apparatus, where the whole muscle is dipped in 
Ringer, the current reaches it lengthwise through the solution; the 
physical reasoning is slightly different and we must take into considera¬ 
tion the difference of conductivity between the solution and the muscle. 
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But, in such a bath, the problem is not definite even if we localize the 
anode or the cathode in the bath by means of a metallic conductor as 
I did. I had supposed already [Lapicque, 1931 6, p. 242] that it was 
necessary to think of a polarization pushing back the current from spot 
to spot, but I did not know where to place the starting-point. 

The following apparatus allows us to pass from one case to another 
and to determine the phenomenon which is common to both. Let us 
take a layer made of a given number of pieces of filter paper, 5 or 6 mm. 
wide and about 10 cm. long; let us soak it in Ringer and lay it hori¬ 
zontally between two vertical blades made of chlorinated silver; we then 
pass an electric current through it lengthwise. A carefully dissected 
sartorius, having been immersed in Ringer for more than half an hour, 
is placed flat and lengthwise on this pad. We can readily avoid the 
singular points constituted by the ends of the muscle in placing these 
on a thin glass slide (microscopic cover slide). The whole preparation is 
placed in a rectangular trough, made of parallel glass plates and covered 
with the same in order to avoid drying, without hindering observation 
of the muscle. 

In this position we can easily stimulate the muscle with potential 
differences of a few volts; the curves obtained in this way are a mixture 
of a, y, and even 8 curves. 

This is an example. 

Exp. November 23. Sartorius of R. fusca placed as described above, with the cathode 
first on the distal side, S, then on the pelvic side, P. 

Liminal voltage 


Duration in a 

8 

P 

50 

_ 

10-2 

20 

8-3 

10*6 

10 

— 

12-6 

5 

8-3 

14-2 

3 

8-3 

15-3 

2 

83 

— 

1 

90 

16-5 

0-5 

100 

17*2 

04 

— 

18-5 

0-3 

13 

_ 

0-2 

16 

— 


It is obvious that S is a y curve; P starts in an a curve interrupted 
around 4a by a y curve. In other words we get exactly the same results 
as in a bath^. 

^ This experiment is particularly similar to one published and illustrated with a graph 
in a preceding paper [Lapicque, 1931 o, p. 203]. 
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But we can follow more clearly the nature of the response and par¬ 
ticularly the change at the time when the curve is changed into a y one, 
that is to say when the direct muscular stimulation becomes a stimula¬ 
tion through the nerve. Besides, we can observe the localization at the 
very beginning of the muscular response; we shall consider this point 
again further on. With this apparatus, the notion of parallelism without 
distortion of the lines of current, which was the original desideratum of 
Rushton’s work, proves to be entirely delusive. This parallelism exists 
only in the pad, when considered alone, but it cannot subsist when the 
current goes through the muscle and stimulates it; one can see that it 
must deviate, and divide, at first according to the relative conductivity 
of the two superposed conductors, muscle and pad; then immediately 
after it must undergo some considerable distortion owing to the polariza¬ 
tion of the muscular surface^. But here, no more than with the bath, 
there is no definite starting-point for polarization. The following pro¬ 
cedure will give us one. 

Let us cut into equal parts the pad soaked with Ringer and put them 
about 1 cm. apart; then fill this space with an insulating block (paraffin) 
of the same thickness. The muscle is then replaced on the pad as pre¬ 
viously, but now it constitutes a bridge between two conducting parts 
and the whole current must pass through it. Let us place a sartorius 
in this position; its middle part on the paraffin, its extreme pelvic end 
on a slide and the part in between, 6 or 8 mm. of muscle, on the wet 
pad. The cathode being under the pelvic end, the curve obtained is a 
mixed a and y curve. 

Example. Exp. of January 4. 7 mm. between the slide and the paraffin. 


Duration 

Liminal voltage 

100 a 

8-2 

50 

8'8 

40 

90 

30 

100 

20 

11-9 

10 

12-7 


The response of the muscle to this last stimulation is a strong con¬ 
traction, even for the threshold current, which means that we have 
begun to stimulate the nerve; and if we continued from there toward 

^ 1 started with A. M. Monnier to study such distortions with^e cathode ray oscillo¬ 
graph. On preliminary trials we found that the current going from a given point of the 
pad to one point of the muscle shows, in terms of time, a very complex shape, so complex 
that they could not be analysed in a rapid study. 
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short durations we could get a y curve. The figures for longer durations 
belong conspicuously to an a curve which shows, by extrapolation, a 
pseudo-chronaxie of 8 or 10a; this is the same length relation as wifih 
the other apparatus. We must be dealing with the same mechanism. 

We can reason in the following way: the negative current will pene¬ 
trate the muscle on the whole length but the bulk of soaked filter 
paper, F, being more conducting than the superposed muscle, the in¬ 
tensity of the current will be the greatest in b and the smallest in g; 
so that b will be polarized quicker than any other point. This is the same 
case as the one described above, when the current arrives at a right angle 
in contact with the muscle, through the electrodes. But now the part 
played by the conductivity of the medium outside the muscle, as it had 
been observed in the bath, is obvious. 



Fig. 4. Experiment upon an interrupted pad (see text)a 


When the retrograde polarization has covered the whole length bg^ 
the current, as we have said, will be at last obliged to complete the 
stimulation process. But where will stimulation start? It would be 
rather hard to foretell it by a priori reasoning. If we did not take into 
consideration the interfacial polarization we should evidently think of 
it as occurring in 6, at the end of the more conducting electrode, where 
the intensity of the current is the highest; but there the intensity will 
decrease gradually while it will increase in g; the question becomes very 
complex; and even if we knew the exact shape of these varying currents, 
it would still be difficult to foretell which one will reach the threshold first. 

Observation answers very clearly: at least for the conditions of 
resistance of my experiments, stimulation starts in g and even 1 mm. 
back, upon the glass slide. 

If we did not bear in mind the idea of a retrograde polarization, this 
result, I think, would seem paradoxical. This paradoxical character be¬ 
comes still more striking if instead of the soaked paper we use a metallic 
electrode. 
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Let tiB consider a sUver blade with the edge p well rounded; 
it is held by an insulating block /. We put, on this blade, the pelvic 
half of a sartorius, the hanging distal end of which is dipped in a Ringer 
bath R\ a glass slide g insulates, as previously, the pelvic end. The silver 
blade constitutes the cathode, and the bath the anode. We get well- 
characterized « curves for durations around a hundredth of a second; 
for durations of thousandths of a second, where consequently the po¬ 
tential must be high to reach the threshold, the results are very irregular, 
and furthermore, they leave some permanent changes in excitability. 



Fig. 5. Experiment upon a large metaliio cathode (see text). 

But the series of measurements made only with long durations give a 
very definite and perfectly significant strength-duration relation. They 
give a pseudo-chronaxie related to the muscle length lying on the 
electrode which is an exact agreement with the preceding results. 

Example. Exp. January 7. 7 mm. between p and g. Cathode connected in p\ 

Liminal voltage 


Duration 

lOOa 

f 

40 

A 

30 

50 

4-3 

30 

30 

4-5 

3*4 

20 

60 

40 

10 

6-8 

5-4 


The two series of liminal potentials have been determined in the same 
order as given in the table; there were, between the two, a series of trials 
which did not give a consistent threshold with a duration of 5a; these 
two series give very similar curves with a slightly extrapolated pseudo- 
chronaxie of about 8a for each one. 

When the direction of the current is reversed, wc^get a y curve with 
a chronaxie of 0*4; the response is d^embUe large and characteristic of 
nervous stimulation. When p' is negative and the duration short, the 
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irregularity of response is accompanied by irregular thresholds; but in 
the series of determinations given in the table, that is to say purely in 
the range of the a effect, the first response, the real threshold, appears 
on the edge of the slide if we increase very gradually the intensity of 
the stimulus we can see the increase of the local response pari passu, 
and then for an intensity still slightly greater, it spreads all at once to 
the whole length of a few fibres. 

In short, we get exactly the same phenomenon as with the preceding 
apparatus; and, what is still more remarkable, the same chronological 
characteristic for the same length of muscle, in spite of the difference of 
conductivity which is considerably greater; it is true that the blade is 
made of polished silver, which is thus polarizable and might have been 
the seat of a more important polarization than the muscle surface in 
contact with the Ringer; we should take into consideration the distri¬ 
bution of resistances in the different parts of the circuit. But these 
details, seeming not to have much physiological importance, are not 
worth much work; it is sufficient to note, with the metallic electrode as 
well as with the physiological solution: (1) the introduction of an a effect 
with a pseudo-chronaxie of about la per mm. of muscle length under¬ 
going the action of the current; (2) the origin of stimulation at the point 
of contact between the muscle and the electrode nearest to the origin 
of the stimulating current; that is to say the reverse of what a reasoning 
based only on ohmic resistances would give. 

The case of the silver wire coming in contact with the muscle through 
the solution, and which at first approximation I considered as “stig- 
matic,” is in fact a mixed case; the surface by which the electrode itself 
comes in touch with the muscle is evidently within the limits where the 
retrograde polarization is negligible; if the current reached the muscle 
only through this surface, we should get a correct chronaxie; but the 
bath, with its intermediate conductivity, diffuses above its end a portion 
of the current which is not negligible; thus our efficient electrode is 
wider than the wire; the value of the pseudo-chronaxie obtained with 
this procedure, 0*7~la, suggests an effective size of about 1 mm. 

The same thing happens when the glass capillary electrode is not 
applied closely to the muscle surface; if its section makes a slight angle 
with it, or is slightly above, leaving a small space where the current can 
spread, the liminal duration for a current twice the rheobase appears 
increased, sometimes considerably. This can be easily understood and can 
be experimented upon directly; we have only to repeat the two measure- 



RETROGRADE POLARIZATION. 277 

ments (rheobase and chronaxie) at the same time as we change the height 
of the electrode by means of a micrometric screw; provided that the 
electrode obviously touches the muscle its pressure has no effect on 
chronaxie, but when it is raised above a certain level the smallest rise 
increases it notably, and it may become twice or three times larger. 
Evidently we are now dealing again with a pseudo-chronaxie similar to 
the one obtained with wide electrodes. 

So that in order to have a correct measurement of a muscular 
chronaxie we must use either a metallic wire touching the muscle in 
the air^, as we had commonly done until now, or a liquid electrode con¬ 
tained in an insulating sheath and whose diameter is less than J mm. 

Let us go back now to Keith Lucas’s fluid electrodes. This is the way 
in which we can imagine these phenomena; the negative current penetrates 
first in the muscle at the level of the slot where it emerges from the 
Ringer, in the same way as at the end of the wet pad in contact with 
the paraffin; then a retrograde polarization starts and goes upward 
along the part of the muscle suspended above in the electrode; then, and 
then only, does stimulation take place; for the pure muscular stimulation 
this is true only when the slot is placed on the nerveless portion of the 
muscle. 

^ Wo proceeded in this way in most of our researches on the gastrocnemius; we con¬ 
sidered the sartorius unsuitable on account of its variable increasing chronaxie and of its 
rapid loss of excitability. These reasons led Keith Lucas to devise his *'lluid^’ electrodes 
in order to avoid desiccation and temperature changes which, he thought, were the causes 
of this variability. 

But Duli^re and Horton [1929] and Horton [1930] in a very elegant piece of re¬ 
search, whose practical importance seems to me very great, have shown that this muscle, 
and the others to a certain extent, are subject to a reversible loss of excitability, which 
takes place at ordinary temperature in a moist atmosphere without any desiccation and 
which returns when the muscle is thoroughly washed in Ringer; besides this alteration 
can bo provented if we previously wash the muscle in Ringer to take away a fraction of 
its potassium. 

Hill, in his famous exjieriments on thermic phenomena of muscular contraction, had 
found it necessary, empirically, to keep the sartonus in a Ringer bath; Keith Lucas’s 
fluid” electrodes, though conceived with a different theoretical idea, met the same re¬ 
quirement; they ought to preserve the muscle excitability, but they introduced, in the 
way that we shall explain hereafter, the a effect; in which, at first, 1 thought 1 recognized 
the alterability mentioned above. 

To-day, after Duli6ro’s and Horton’s work, we can use the sartorius without any 
hesitatiozi for excitability researches. This muscle is particularly convenient for many 
physiological purposes on account of its anatomical conditions, arid, as a matter of fact, 
it had been very often chosen for researches. It keeps perfectly in Ringer and, concerning 
chronaxie, gives correct values deprived of any a effect with capillary electrodes of an inside 
diameter of a few tenths of a millimetre. 
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This conception quantitatively accounts for the different results ob¬ 
tained by the authors: that is to say, 

(1) The dimension of the slot has no influence whatsoever on the 
chronological characteristic of the intensity-duration relation. Indeed, 
Watts found no difference for two slots being in the ratio l-3*9. 

(2) The pseudo-chronaxie which measures this characteristic varies 
from 2 to 6cr. In our conception, this value must be a function of the 
length of the muscle undergoing the lengthwise action of the current; 
our experiments have found it to be approximately proportional to this 
length, about 1 a per millimetre. Here the length to be taken into account 
is the one of the muscle left above the slot. The authors did not indicate 
this length, as they did not suspect its interest. But both Keith Lucas 
and Watts, when taking care to place the slot on the nerveless portion 
of the sartonus, must have left only a few millimetres above the slot, 
and this agrees exactly with the values they obtained for the pseudo- 
chronaxie. 


Summary. 

Measurements of chronaxie have been made, on the pelvic part of 
the sartorius previously bathed in Binger’s fluid, with electrodes made 
of capillary glass tubes of varying diameters. Between 0*1 and 0*5 or 
0*6 mm. the chronaxie remains fully invariable and equal to the one 
given by a silver wire taken as electrode on a muscle in air. The value 
so found, 0-3a as a rule, is the true chronaxie. From 0*6 to 0*6 mm. up, 
chronaxie, or better pseudo-chronaxie, increases regularly with the size 
of the cathode, reaching a value as high as 2 or 3 cr for a diameter of 
2 or 3 mm. 

It is recalled that experiments made following Rush ton, when 
a muscle is stimulated through a bath of Ringer’s fluid, give pseudo- 
chronaxies regularly varying with the length exposed to the current, 
viz. 2 or 3(7 for 2 or 3 mm., and about la more for each additional 
millimetre. Thus, both series of experiments join exactly. 

Reasoning physically from the case of large capillary electrodes, one 
must admit a polarization of the muscle surface under the cathode, 
starting from the edge at the point nearest to the anode, and developing 
itself progressively as far as the most remote point of the cathode. So, 
the current crossing the muscle surface is diverted backward all along 
the diameter of the cathode. In order to reach the threshold, the circuit 
must remain closed a sufficient time to allow (1) this polarization to come 
to its end; (2) the proper excitation process to be achieved. This sum 
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appears in experiments as pseudo-chronaxie, evidently longer than the 
true chronaxie, and increasing pari pissu with the length of muscle 
subject to the phenomenon. 

Laying the muscle upon a pad soaked with Ringer’s fluid and sending 
an electric current in parallel lines, we find the same a and y curves as 
in a full bath. This still holds when we interrupt the pad with a block 
of insulating substance and bridge this electric gap with the muscle. 
Such a case appeals to the same physical reasoning as the case of a 
large capillary electrode, but involves as a necessary cQndition a greater 
conduction in the electrode than in the muscle. 

Every condition and every phenomenon related to this retrograde 
polarization for the muscle is symmetrical to the physical electrotonus 
in the nerve, where, as classically and rightly admitted, the excitable 
substance (axon) is surrounded by a less conducting substance. 

PoST-SORIPTUM VERSUS W. A. H. RUSHTON. 

Following the report [Rushton, 1930] which I discussed in my preceding papers 
[Lapicquc, 1931 a, b] and am still discussing in the present one, Rushton has published 
several papi'rs on the same subject, bringing forward, with much application and ingenuity, 
new and detailed evidence concerning the fundamental phenomenon which is the basis of 
the discussion, viz. the existence of two different strength-duration curves for the nerve- 
muscle complex when stimulated electrically through Ringer's solution. I have said 
already, and willingly repeat, how much I am indebted to Rushton for having made 
this fact unquestionable oven in normal fresh muscle, and so for affording the opportunity 
of evaluating the role played by the electrolytic medium. But, I must confess, I can 
hardly find in all this secondary work any new light on the physiological problem con¬ 
cerning the interpretation of the a curve and consequently the question whether the 
neuromuscular iso(;hroniam is right or wrong. 

In a first paper [Rushton, 1931] ho shows that the phenomenon is present, generally 
speaking, in any one among the frog's striated muscles. Since 1 discarded, the moment I 
read his primary report [Rushton, 1930], my old tentative explanation of the Lucas's a 
curve, I never regarded such a generalization as in doubt and I even admitted it implicitly, 
considering at every theoretical standpoint, the muscle, or the muscular substance, without 
any restriction to a particular cose. Though I have borne in mind a special condition for the 
Gastrocnemius, the customary object of my previous experiments; here the muscular 
fibres, admittedly able (theoretically) to give an a effect as well as those of any muscle, 
are geometrically ordered according to the well-known penniform structure of the whole 
muscle; thus they present only a small part of their length freely to the current fiowing in 
the Ringer; such a condition ought to restrict the phenomenon'. In fact, in this muscle, 
Rushton found but a very small difference between the two curves, so small that plotted 
in the same way as other muscles, it was not conspicuous at all, and appeared only with 
special contrivances [Rushton, 1931, p* 270]. [Incidentally, one may note that the 
change in latent period showed by Rushton [1931, p. 275], when#timulation passes from 
y to «, agrees fully with my theory stated above, viz. retrograde polarization.] 

In a second paper [Rushton, 1932 a] he shows that the muscular fibres giving the 
a curve are those responding to the nervous stimulation. I do not know that anybody 
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has ever ventured the contrary hypothesis, surely a very strange one. For my own part, 
I did not raise any question about this connection, in the whole course of the discussion 
I gave in two reports published in this Joumcd, 6 or 0 months before Rushton’s 
quoted paper was printed, but, unfortunately, after it was written, as we learn from a 
footnote. I understand that Rush ton would not throw in the waste-paper basket a 
very industrious work, in any case interesting from its technical ingenuity, but at the 
time of publication he could certainly have left out such a cutting conclusion as the 
following: “The a fibres being supplied by nerves and having a chronaxie of the order of 
hundred times as long as nerve... the conclusion leads inevitably to the rejection either of 
Lapicque’s theory of isochronism or of the block electrode method of obtaining the 
chronaxie.” 

I quite agree to the position of the dilemma, but the question of the legitimacy of the 
said block method was precisely raised by myself half a year before, with a sufficient 
emphasis, I supposed; I had given a series of arguments against this legitimacy, and I was 
anxious to know what criticism would meet these arguments; but Rushton’s paper 
remains systematically ignorant of them, and, furthermore, assumes without reserve as 
well as without justification that it was dealing with an alpha substance or even, as we 
have seen in the sentence quoted above, alpha fi bres, a new and aggravating expression, 
though, in the preceding paper [Rushton, 1931, p. 266], a footnote admitted that two 
modes of excitability are not a sufficient evidence for the existence of two substances. 

In a third paper [Rushton, 1932 J] we get the discussion, but not yet in the depth of 
the problem, only on a theoretical consideration raised by myself merely as preliminary. 
We must now satisfy ourselves with this unimportant discussion, for the fourth paper 
[Rushton, 1932 c], the last at the moment, is devoted to the demonstration that the 
y curve, as a rule in a Ringer’s bath, when the field of action to the electric current 
is large, is related to the nerve; again a good piece of ingenuity and precision, but quite 
superfluous, the fact being not denied. 

The fundamental question is to know if the slow chronological character of an a curve 
means a large chronaxie for the muscle on which it has been obtained. T said no, and 1 say no. 

Rushton seems to believe that my criticism aims only at the wording, and in deference 
to my rights as author of the name chronaxie, he concedes this name “to be used in the 
sense which Lapicque wishes”.. .“in the case where the strength-duration curve is 
canonical or where it satisfies any new criteria which Lapicque may in future suggest” 
[Rushton, 1932 6, p. 439]. 

I am certainly not inimical against an ironical joke in a scientific discussion, but 1 
think it cannot be substituted for real arguments. This canon, that Rushton endeavours 
to turn to ridicule, has been imagined with the aim of compelling Rushton himself to 
acknowledge a notable difference between the a curves and the time relation having given 
birth to the chronaxie; if so, the duration corresponding to twice the liminal strength for 
long durations, in an a curve, should evidently not be homologous with the chronaxie 
and could be named a false chronaxie. Rushton considers this reasoning as an arbitrary 
fancy of my own; furthermore, he lays stress on this fact, long ago recognized by myself, 
that with the very rapid nerves and for durations shorter than the chronaxie, the 
strength-duration curve diverges from the general law. I had formerly imputed this 
deviation (we are dealing with durations of a tenth of a sigma, and below) to the self- 
inductance in the stimulating circuit, maybe wrongly (still I was not guilty of a certain 
technical fault that Rushton attributes to,my experiments in contradiction to the very 
text of my report); that is a question concerning the physiological theory of the stimulation, 
but neither the measurement of the chronaxie, nor the said canon, since the alleged error 
lies outside the part of the curve used in the computation. I have twice asked Rushton 
by letter to let mo know the figures he obtained between rheobase and chronaxie, the only 
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figures bearing on the cose; he did not answer; thus I suppose his figures have been 
canonical, as well as those of any author, except perhaps very close to the chronaxie 
itself, where there may already exist a deviation of but a few units p.c., i.c. of the order of 
the experimental approximation. That is by no means comparable with the deviation 
offered by the a curves, chiefly on the side of long durations, and giving frequently in¬ 
certitudes of a 100 p.c. in the position of their chronaxie, or better pseudo-chronaxie 
[Lapicque, 1931 a]. 

But whatever the criticism against it, the canon itself matters now very little. Its 
value was only previous and temporary, indicating that another quantitative relation 
could mean another quality of phenomenon. I have tried to find this other phenomenon, 
and in due course, I hope I have succeeded in tracing it. “Until the laws governing the 
wide variations (according to the size of electrodes) can be worked out, it does not seem 
possible to speak of any single chronaxie as characteristic of a given muscle” said Davis 
nine years ago, in a sentence quoted in the above paper and recalled byRushton. Perhaps, 
the above report gives such laws, and shows when and how a neatly defined chronaxie 
exists for a given muscle, being equal to the chronaxie of the corresponding nerve, and 
when and how a parasitic phenomenon falsifies the strength-duration relation, leading to 
senseless chronological valuer. The time constant of an a curve, theoretically suspected at 
first because uncanonical, is now experimentally convicted as a false chronaxie, without 
any physiological meaning. 
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STUDIES CONCERNING THE ALIMENTARY ABSORP¬ 
TION OF WATER AND TISSUE HYDRATION 
IN RELATION TO DIURESIS. 

By H. heller and F. H. SMIRKS 

(From the Medical Unit, University College Hospital Medical 
School, London,) 

Part III. The influence of posterior pituitary hormone 
on the absorption and distribution of water. 

Introduction. 

It is known that the diuresis which normally follows a large dose of 
water is inhibited by pituitrin and likewise the polyuria of diabetes 
insipidus is usually reduced. It was shown by Verney [192G] that the 
abundant hypotonic urine formed by isolated kidneys when perfused by 
a simple heart-lung preparation is both reduced in amount and increased 
in concentration by pituitrin or by the inclusion in the blood circuit of a 
head, provided the pituitary gland of that head remains intact. Although 
the polyuria of isolated kidneys is not a water diuresis, since no additional 
water has been given, the inhibition of their activity by pituitrin is an 
indication that the hormone of the pituitary body has a direct renal 
action and suggests [Verney, 1929] that this inhibition of water diuresis 
is primarily of renal origin. This is further supported by the observation 
of the same author that in unaneesthetized dogs with denervation of one 
kidney the urine flow from the ureters is normally equal and the kidneys 
respond equally to water diuresis and are equally inhibited by pituitrin. 
On the other hand, except by some extrarenal action, it is difiicult to 
explain the results of Miura [1925], and Buschke [1928], who observe 
increases in the blood chlorides when pituitrin is given to nephrectomized 
rabbits. 

Our object is to examine the effect of this hormone upon the absorption 
and distribution of water administered by stomach tube to intact im- 
anoBsthetized animals. 
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Firstly, we have administered water to rats and compared the normal 
absorption curve with the absorption curve after pituitary extracts by 
killing sets of rats at varying times after water was given and determining 
the amounts of water remaining in the alimentary canals. Secondly, in 
rabbits we have obtained for analysis samples of muscle, skin and blood 
during the course of the experiments by the procedures which have been 
shown in the first paper of this series to leave the diuresis uninfluenced 
and afterwards we have made post-mortem examinations. 

A. The absorption op water from the alimentary canal 

OF RATS UNDER THE INFLUENCE OF PITUITARY HORMONE. 

ExpeHmental procedure. 

The rates of water absorption of rats which have received about 
1 unit of pitressin per 100 g. rat subcutaneously 30 min. before the 
administration of 5 p.c. of their body weight of warm water have been 
compared with the absorption rates of rats receiving only the dose of 
water. The method of study is precisely as described in the first paper 
of this series. Part I, Section B. 


Results. 

Table I gives the weight of gut and contents at varying times after 
administering 5 p.c. of the body weight of water. The left-hand columns 
are control experiments, the right-hand columns give the results on 
animals under the influence of pituitrin. It will be evident from Table I 
and Fig. 1 that the pituitary hormone has no significant influence on 
the water absorption rate in rats. 


Table I. 


Time 

after 

giving 

water 

(min.) 


Rats without pitressin 



Rats witli pitressin 

X . . 


nT”" 

of 

rats 

-s 

Weight of gut 
as p.c. of 

body weight Average 

No. 

of 

rats 

Weight of gut 
as p.c. of 
body weight 

1 

Average 

15 

3 

8-9, 8-6, 9-2 

8*9 

4 

10‘4, 8-3, 7-1, 8-9 

8-7 

30 

4 

9-6, 6-5, 4-8, 6-9 

70 

4 

7-2. 6*7, 6-4, 6-8 

6-8 

45 

6 

6-9, 6-2. 6-4, 61, 

6-2, 5-7 

6*2 

6 

6-2, 71, 6-2. 7-6, 
6-6, 6-4 

6-7 

75 

7 

4-6,10 3,6-4, 7-9, 

6-9, 5-5, 4-9 

6*5 

7 

4-8, 8-4, 6-6, 8-9, 
10-9, 4-7, 5-8 

6-9 

120 

6 

6-8, 6-2, 7-4, 7-6, 

6-9, 4-8 

6-5 

6 

5- 2, 6-8, 6-8, 6-3, 

6- 9, 6-6 

6-3 

Controls, 
no water 


6-6, 6-2, 8-6, 6-6, 

S-4 

6-5 
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Discussion. 

In rats water given per os is absorbed as usual under the influence of 
pitressin, but is only excreted at a greatly diminished rate by the kidney. 
This water, which forms 6 p.c. of the body weight of the animal, in a 
period of about \ hour is absorbed and either stored in the blood and 



tissues of the animal or excreted by some channel other than the kidney. 
The only channel not under direct observation is the respiratory tract. 
As a precaution, therefore, a number of animals were weighed some hours 
after giving the water to make sure that such water as had not been 
excreted by the kidneys was still present in the body. There was indeed 
a loss of weight, but this did not account for the greater part of the water 
which was evidently stored in the blood and tissues of the animal. 

Since it is difficult to take tissue and blood sanaples from a small 
animal such as the rat it was decided to continue our investigations on 
water distribution in another animal, the rabbit. 
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B. The storage of water in the muscle, skin, blood and 

SEROUS CAVITIES OF RABBITS DURING THE INHIBITION OF 
A WATER DIURESIS BY PITUITARY HORMONE. 

Experimental procedure, 

0-2-0‘4 c.c. of pitressin was given 30-45 min. before water adminis¬ 
tration. The animals then received 4 p.c. of their body weight of water 
by stomach tube and samples of muscle and blood were taken by the 
procedure outlined in the first paper of this series [Heller and Smirk, 
1932]. At the conclusion of the experiment the fluid contained in the 
serous cavities was collected and measured. 

Results. 

When diuresis was inhibited by pituitrin the water content of the 
blood was increased to a much greater degree than it was in cases 
where the inhibition was produced by anaesthesia (see Part IV) or 
laparotomy (unpublished observation). Also the water uptake of muscle 
was greater where diuresis was inhibited by pituitrin than where diuresis 
was allowed to proceed normally. These results are summarized in 
Table IL 

In two very nervous rabbits, Nos. 6 and 7, this increase in water 
content of muscle was slight, which suggested that perhaps there was 
an inhibition of alimentary absorption as well as of renal activity. 

In post-mortem examinations made at the end of the experiments, 
but unfortunately only on the last six animals, quite large quantities of 
fluid were obtained from the peritoneal cavities: 15, 20, 20, 10, 4 and 
14 c.c. respectively. Not only was there more fluid in the peritoneum 
but also there was more in the pleural and pericardial cavities than had 
been found in six of the rabbits where no pituitrin had been given 
and an examination of these cavities made at the conclusion of the 
experiment. In these latter animals there had been no inhibition of 
diuresis. 

It is clear then when water is absorbed from the alimentary tract 
and fails to be excreted by the kidneys there is a greater increase in the 
water content of muscle and of serous cavities. Our methods, therefore, 
detect this water when it is absorbed, and our previous and subsequent 
observations concerning the absence of an appreciable increase in the 
water content of muscle must be regarded as strong evidence that when 
diuresis has been inhibited without an appreciable increase in the water 



TISSUE HYDRATION AND DIURESIS. 


287 


Table II, 


Animal 

No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 


3 hour output 
of urine 

^ _A_ 

Under 
Normal pituitrin 


57 

42 

48 

84 

76 


89 

98 

92 

66 

49* 

67* 


1 

11 

10 

18 

67 

10 

30 

11 

22 

10 

9 

4 

11 


Increase 
in p.c. 
water of 
muscle 


+ 30 
+ 3-2 
+ 44 
+ 2-7 
+ 2-5 
+ 0-6 
+ 04 
+ 1-2 

+ 1-8 

+ 20 

+ 1-9 

- 0-2 

+ 1-3 


Degree 
of blood 
dilution 
(as a per¬ 
centage of 
the initial 
concen¬ 
tration) 


93-5 

94 

91 


95 

92 

94 

88 


Post-mortem 
examination after 
3 hours 


None made 


16 C.C. of fluid in 
serous cavities 
20 c.c. of fluid in 
serous cavities 
20 c.c. of fluid in 
serous cavities 
10 c.c. of fluid in 
serous cavities 
4 c.c. of fluid in 
serous cavities 
14 c.o. of fluid in 
serous cavities 


Notes 

Previous diet of oats, 
0-2 c.c. pitressin 

Previous diet of cab¬ 
bage, 0*3 o.c. infundin 
Cabbage diet, 0*5 c.c. 
infundin 


Cabbage diet, 0*2 c.o. 
pitressin 

Cabbage diet, 0*2 c.o, 
pitressin p.d. 
Cabbage diet, 0*4 c.o. 
pitressin p.d. 
Cabbage diet, 0*4 c.o. 
pitressin p.d. 


These two animals passed copious fluid stools shortly after receiving their doses of water. 


content of muscle there has been a reduction in the alimentary absorption 
of water (see Parts I and IV). 

It is clear from Table II that an increase is obtained in the water 
content of longissimus dorsi muscle, but the degree of increase varies. 
The water uptake of a second muscle—the vastus externus—was next 
studied (Table III), to obtain an idea of how far the changes in the water 
content of one muscle w^ere an index of changes in the musculature as a 
whole. 


Table III, The uptake of water by two different muscles 
under the influence of pitressin. 


Exp. No. 

1 

2 

3 

4 

5 


Increase in p.c. water of two 
muscles 90 min. after giving water 

___ A __ 


Longissimus dorsi 

+ 2*9 
+ 2*0 
+ 14 
+ 1*3 
+3*1 


Vastus externus 

+ 1*9 
+ 1*6 
+ 14 
+ 1*6 
+ 2*0 


Average +2*1 


+ 1*7 
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As a control observation the influence of pitressin alone on the water 
content of muscle was investigated in five animals. Beyond the fact that 
no additional water was given the experimental conditions were unaltered. 

The changes in the water content of muscle were + 0*6, + 1*4:, + 0*3, 
— 0*8, — 0*2, averaging 4- 0-3 p.c. 

The corresponding control in which water but no pituitrin was given 
has been described in the first paper of this series. 

Because the removal of as little as 2 c.c. of blood may be associated 
with a blood dilution in the subsequent sample [Smirk, 1932] and also 
because the loss of blood from muscle sampling though slight is indefinite, 
it has been thought desirable to make a few separate experiments on the 
blood dilution in animals where no muscle samples were taken. 

The results are divided into two groups (Tables IV and V) which 
differ in the lengths of the time periods between giving pitressin and 
water and between giving water and taking the second blood sample. 
To the first group (Table IV), in which a considerable blood dilution is 


Table IV. Animals received 0*2 c.c. pitressin J-J hour before giving water and the 
second blood sample was taken 1^ hours after giving 4 p.c. body weight of water. 


Exp. No. 

1 

2 

3 

4 


Degree of blood dilution expressed as a 
percentage of the initial concentration 

_____ 

Urinary output in 
li hours after 

urn t’lAT* 

By hsematocrit 

By haemoglobin 

W U<1A31 

c.c. 

93 

86 

0*0 

— 

96*6 

1*0 

98*5 

96-6 

5*0 

92*2 

87*8 

4*6 


Table V. Animals received 0*2 c.c. pitressin at least 2 hours before giving water and 
the second blood sample was taken 2 hours after giving 4 p.c. body weight of water. 


Degree of blood dilution expressed as a Urinary output in 
percentage of the initial concentration 2 hours after 

f -^ water 

Exp. No. By hsematoorit By haemoglobin c.c. 


1 98*8 

2 101*4 

3 100 

4 107*3 

5 no 


101 

0*0 

106*4 

4*0 

99*0 

0*0 

100*4 

6*6 

104*8 

6*0 


the rule, may be added the results of eight experiments from Table II, 
in which the experimental conditions were similar. In the second group, 
of five experiments in all, there is no regular diminution in either the 
haematocrit reading or the haemoglobin percentage. The only essential 
difference appeared to be that pitressin was given a longer time before 
the water in the experiments where there was no regular blood dilution. 
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For the present we do not intend to investigate this time difference in 
the action of pitressin or to confirm whether it is indeed a regular pheno¬ 
menon. It may indicate some mechanism by which the partition of 
water between blood and tissues can be altered. There did not appear 
to be any defect in alimentary absorption. 

Magnus and his school have investigated the part played by the 
skin in the storage of water and salt. Since water is normally stored in 
skin [see also Heller and Smirk, 1932] we decided to investigate the 
changes in water content after giving pituitrin and water. 

A small piece of skin was excised from the back with the aid of local 
subcutaneous anaesthesia. The five animals were given 0-2 c.c. of pituitrin 
and then 4 p.c. body weight of water by stomach tube. After 90 min. 
a second skin sample was removed in the same way and the animals 
were killed. This procedure was repeated in a series of another five 
animals in which water but no pituitrin was given. At 105 min. after 
giving pituitrin and 90 min. after giving water the changes in the water 
content of muscle were: — 2-5, —1*0, — 0*8, — 0-3, — 1*2, average — 1*2 p.c. 
In the control animals which received water only the changes were: 
-f- 3*5, -f M, — 1*6, -f 0*6, + 6*5, average + 1*8 p.c. It appears that the 
water content of skin is diminished in the animals which received 
pituitrin injections despite the administration of additional water. 

The influence of pituitrin upon the extrarenal water loss. In view of 
the marked variations in the extrarenal loss of water which followed 
changes in the temperature of the surrounding air (Part II) we considered 
it worth while to determine whether there was any appreciable change in 
the extrarenal water elimination when a water diuresis is inhibited by 
pituitrin. 

In five rabbits the iion-faGical extrarenal loss of water was determined 
by weighing the animals before and 4 hours after a dose of water, and 
then again before and 4 hours after a dose of water together with 1 unit 
of pituitrin subcutaneously. The room temperature was 17 ± 1° C. on 
both occasions. 

The losses of water were 13*5,16,10, 8 and 10*5 g. in 4 hours, average 
11*6, when the animals received water only, and 27*5, 16, 15, 31*5, and 
30*5 g. in 4 hours, average 24*1, when the diuresis was inhibited by 
pituitrin. 

Presumably, since rabbits do not sweat, this increased loss of water 
takes place through the lungs. The increased loss may be caused either 
by an increase in the moistness of the respiratory passages or by an increase 
in the pulmonary ventilation. 
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It is clear, however, that although the extrarenal water elimination 
appears to be greater after pituitrin yet the difference in the quantities 
of water lost is in no case sufficient to account for the inhibition of renal 
activity. More detailed confirmation of this point would not, however, be 
relevant to our present work. 


Discussion. 

It will be seen from the results obtained in rabbits (see Tables II and 
IV) that when pituitrin is injected subcutaneously ^ hour before the 
administration of a large dose of water so that the diuresis which normally 
results is prevented, there is usually a definite hydrsemia. The water 
content of the muscles is also increased (Tables II and III), and the 
degree of this is much greater than that met when diuresis is allowed to 
proceed normally. In addition in all those cases where an examination 
has been made there was an increase in the fluid content of the serous 
cavities, so that whereas normally it is difficult to collect more than 
1 or 2 c.c. of fluid, one is now able to obtain as much as 15 c.c. or 20 c.c. 
As a parallel observation one of us [Heller, 1930] has previously reported 
the distension of the lymph spaces in frogs. It was suggested by Rees 
[1920] and by Koref and Mauntner [1926] that failure of alimentary 
absorption might account for a part of the inhibitory action of pituitrin. 
In the rabbit it is clear, however, that there is a definite excess of water 
present in both musculature and blood. We suggest that, since inhibition 
is present when there is an excess of absorbed water to be disposed of, it 
is not likely that changes in the water absorption rate play any consider¬ 
able part in the pituitrin inliibition. 

It has been argued that the excess of water which has been shown 
to be present in the blood may not be free but in some physico-chemical 
way “bound.” This, however, is unlikely, since there is regularly an 
increased fluid content of the serous cavities which would appear to result 
from the increased transudation following a dilution of blood colloids. 

An increased “avidity” of plasma for water would hardly be asso¬ 
ciated with increased transudation from the capillaries into the body 
cavities, and any increased “avidity” of tissues would surely need to 
prevent blood dilution before it could be cited as a direct cause of 
diminished renal activity. Heller’s work on frogs [1930] yielded no 
evidence of a direct action of pituitrin on the water metabolism of living 
muscle, or upon the physico-chemical properties of tissue proteins. 
Heller was able to show that the increase of weight in frogs under the 
influence of pituitrin is not decreased by a rise in body temperature. 
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It appears likely therefore that the mechanism of the inhibition of 
water diuresis by pituitary hormone is renal and not extrarenal. There 
remain facts which would be difficult to explain if it were assumed that 
all the changes in water metabolism after pituitrin were the result of the 
inhibition of renal activity. 

From Table III it is clear that the water distribution and storage is 
not uniform throughout the musculature, and similar differences in the 
water uptake of different muscles have been reported by Baer [1926] 
and Tashiro [1926]. The results obtained on skin—in which the water 
content was actually reduced after pituitrin and water administration— 
make it clear that a complete picture of the water distribution could 
only be obtained by the analysis of several samples of every tissue and 
by the elimination of errors due to changing vascularity. 

The fall in the water content of skin may very well be due to its 
lessened blood content, the percentage water content of blood being 
greater than that of muscle. If corrections could be introduced which 
eliminated this factor, it is possible that the water content of the actual 
skin substance would be increased. The actual amounts of water in¬ 
volved are in any case small since the skin forms only 12 p.c. of the body 
weight. 

Poulsson [1930] concludes that the reduced output of water after 
pituitrin is due to an increased reabsorption of water in the tubules, 
since the action of pituitrin in inhibiting diuresis is not accompanied 
by any appreciable change in the calculated amount of glomerular 
filtrate. 

His calculations of the amounts of glomerular filtrate require, how¬ 
ever, the assumption that all the creatinine and sulphate excreted in the 
urine is filtered by the glomeruli and reaches its urinary concentration by 
water absorption in the tubules. 

The internal localization of function in the kidney is a subject of 
great difficulty, and the work of Starling and Verncy [1925] is not in 
agreement with the assumption which Poulsson and others have used 
to calculate the amount of glomerular filtrate. 

Summary. 

1. In rats the alimentary absorption rate for a 5 p.c. body weight 
dose of water is uninfluenced by giving 1 unit of pitiessin per 100 g. rat 
subcutaneously. This dose of pitressin considerably reduces the formation 
of urine. 
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2. In rabbits receiving 0'2-04 c.c. of pitressin and 4 p.c. body weight 
of water, there is reduced urine formation and increased water storage 
in the blood, muscle and serous cavities. 

3. The nature of the anti-diuretic action of pituitary hormone is 
discussed in the light of these observations. 

We wish to thank Prof. T. R. Elliott for his helpful criticism and 
advice. 

The expenses of this research were in part defrayed by the Government Grant Committee 
of the Royal Society. 
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Part IV. The influence of anaesthetics and hypnotics 
on the absorption and excretion of water. 

Introduction. 

It has been demonstrated by many workers, Schr oeder [1888], Frey 
[1907], Molitor and Pick [1925, 1926, 1927], Smith and McClosky 
[1925], Stehle and Bourne [1928], Buschke [1928], Fee [1928], 
Kugel [1929], Bonsmann [1930], that the excretion by the kidneys of 
a large dose of water administered by stomach tube is rarely normal in 
an anaesthetized animal. The effect of anaesthesia appears to depend upon 
the nature of the anaesthetic, upon the depth of anaesthesia and also upon 
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the animal used. With most anaesthetics the urinary output is diminished, 
with a few it is increased. The school of Pick conclude that in general 
the influence of anaesthetics results from their action upon the central 
nervous system. Narcotics which depress first the higher centres such 
as paraldehyde, chloralose, avertin, and alcohol tend to increase the 
outflow of urine; those which first depress the mid-brain areas tend to 
diminish the activity of the kidney (luminal, chloretone). It is supposed 
by them that the normal control of diuresis is through a diuretic centre 
in the mid-brain: the depression of its activity diminishes renal activity; 
the depression of higher control centres with release of its activity is said 
to increase urinary outflow. 

Though opinions may differ as to the precise way in which anaesthesia 
influences the output of urine there is little doubt that a number of 
substances of differing chemical structures but having in common the 
property of producing narcosis have also in common the property of 
reducing the urinary outflow. The object of this paper is to determine 
whether some alteration in the kidney or tissues is responsible for this 
anti-diuretic action or if alterations in alimentary absorption play a part. 

In a few experiments performed by us on rabbits ansBsthetized with 
ether it was observed that a dose of about 4 p.c. of the animal’s body 
weight of water produced little or no increase in the output of urine. 
But samples of muscle in these animals showed only slight increases in 
their water content. Now in rabbits where renal activity was prevented 
by pituitrin but where there was every evidence of water absorption the 
extra water given was readily detected in muscle samples (see Part III). 
Therefore, the absence of any considerable increase in the water content 
of muscle in these anaesthetized rabbits suggested to us that a part at 
least of this apparent inliibition of renal activity might be of alimentary 
origin and due to the non-absorption of the water given. 

For this reason we decided to investigate the matter more accurately, 
using the statistical method of studying alimentary absorption in rats 
already described in Part I of this series [Heller and Smirk, 1932]. 
The rat is particularly suitable for this investigation since we have shown 
that water absorption is practically complete before the onset of diuresis. 
It is, therefore, possible to investigate also the effect of anaesthesia on 
diuresis as distinct from absorption by administering the anaesthetic at 
a time when water absorption is almost complete and diuresis is only just 
beginning. ^ 
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Experimental procedure. 

Rabbits weighing about 2 kg. were used and a uniform dose of 76 c.c. 
of water was given. The methods employed were light ether anaesthesia, 
deep chloretone anaesthesia and light chloretone anaesthesia. The water 
and chloretone were given by stomach tube, the ether by inhalation. 

The procedure for rats has been exactly as described in Part I, 
chloroform and ether were given by inhalation; paraldehyde, luminal, 
urethane and chloralose were given subcutaneously. The doses and 
previous diet are stated with the protocols. Body temperatures were 
measured per rectum. 

Results. 

Preliminary experiments on rabbits. Four animals received ether. 
Under ether their urinary outputs for periods of 4, 4, 3 and 4 hours were 
2, 19, 5 and 0*6 c.c. as compared with their normal outputs of 29, 35, 36 
and 52 c.c. for corresponding time periods. The increases observed in the 
percentage water content of muscle hours after giving water were 
only + 0*8, + 0*9, 0*0, -f 0-8, averaging -f 0*6 as against an average 
increase of + 2*0 p.c, where diuresis is inhibited to a corresponding 
degree by pituitrin (see Part III). 

Four experiments, two with light chloretone anaesthesia and two with 
deep chloretone anaesthesia, gave a similar absence of appreciable change 
in the water content of muscle and no increase in the water content of 
liver (determinations made on 16 samples of muscle and 18 samples of 
liver). The technique of removing liver samples and the influence of the 
procedure of laparotomy upon absorption and diuresis will be described 
in a subsequent paper. The urinary output was also inappreciable. 

Although the chloretone experiments are complicated by the in¬ 
testinal method of administration as well as by laparotomy, the absence 
of expected increases in the water content of the tissues examined appears 
to be a justification for further work. 

I. The influence of ancesthetics on water absorption in rats. It will 
be clear from the following results that the rate of absorption of water 
from the alimentary canal of rats is greatly diminished by ether (Table I) 

Table I. Ether. Light ether ansesthesia with usually a positive comeal reflex. 

Deprived of water overnight. 


Time after giving 

5 p.c. body weight 

No. of 
rats 

Weight of the alimentary 
canal and contents expres^d 


of water 

used 

as a percentage of body weight 

Average 

60 min. 

5 

9 0, 10*2, 9-5, 7-3, 8-7 

9*0 

Controls, no 
extra water 

5 

6-3, 5-8, 6-7, 6*8, 7*0 

6*3 
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and chloroform (Table II); slightly diminished by luminal (Table III), 
paraldehyde (Table IV) and urethane (Table V), and hardly diminished 
by chloralose (Table VI). The inhibition of absorption produced by ether 
is unaltered by physostigmine (Table VII). 


i«. 



Fig. 2. The influence of chloroform, urethane and chloralose upon the alimentary 
absorption of water. (The animals were allowed access to water overnight.) 

Table II. Chloroform. Light chloroform aneesthesia with usually a positive corneal 
reflex. Allowed water up to the time of the experiment. 


Time after giving 

No. of 

Weight of the alimentarv canal 
and contents expressed as a 


5 p.c. body 
weight of water 

rats 


used 

percentage of body weight 

Average 

55 min. 

5 

10-2, 8-3, 10*7, 10-4, 10-4 

100 

Table III. Luminal. 

(0 015 g 

. of sodium luminal per 100 g. rat deprived ot 
water overnight.) 

Time after giving 

No. of 

Weight of the alimentary canal 
and contents expressed as a 


5 p.c. body weight 

rats 

Average 

of water 

used 

percentage of body weight 

30 min. 

5 

8-5, 8-8, 8-3, 1L5. 9-9 

9*4 

46 „ 

5 

7-2, 7-7, 5-2, 9-5, 9-6 • 

7-8 

90 „ 

0 

5 0, 5-8, 6-9, 7-6, 8-4, 6-8 

6-6 

Controls, no 
extra water 

5 

5*3, 6-8, 6*7, 6*8, 7 0 

6-3 
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Tabls IV. Paraldehyde, (0*2 g. of paraldehyde subcutaneously per 100 g. rat. 
Deprived of water overnight.) 


Time after giving 

No. of 

Weight of the alimentary canal 
and contents expressed as a 


5 p.o. body weight 

rats 

Average 

of water 

used 

percentage of body weight 

30 min. 

4 

8-4, 6-4, 7*2, 7*6 

7*4 

45 „ 

5 

8*9, 7*5. 7*3, 7-4, 7 0 

5*2 (veiy lightly narcotized) 

7*6 

Controls, no 
extra water 

3 

6*3, 5*0, 5*1 

— 



Fig. 3. The influence of ether, paraldehyde and luminal upon the alimentary absorption 
of water. (The animals were previously deprived of water overnight.) 


Table V. Urethane. 012 g. of urethane per 100 g. rat. Water allowed up to the 
time of the experiment. 


Time after giving 
5 p.c. body weight 
of water 
45 min. 

Controls, no 
extra water 


No. of Weight of the alimentary 
rats canal and contents expressed 
used as a percentage of body weight Average 

6 8-2, 7-4, 7*1, 8*9, 10*8 8*5 

7 6-3, 5*0, 5*1, 6*5, 6*8, 5*7 

6-6, 5*5 
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Tabls VI, Chloralose. Two animals had 0*01 and one animal 0*008 g. ohloralose per 
100 g. rat. Water allowed up to the time of the experiment. Because of the relative 
insolubility of ohloralose larger quantities of fluid had to be injected. The controls 
were given the same amount of 0*2 p.c. NaCl (2 c.c.) subcutaneously. 

Time after giving No. of Weight of the alimentary canal 
5 p.c, body weight rats and contents expressed as a 

of water used percentage of body weight Average 

55 min. 5 6*0,6*8, 8*9, 6*6, 7*0 6*9 

Controls, no extra water 7 6*3, 5*0, 5*1, 5*5, 6*8, 6*0, 5*5 5*7 



0 15 30 45 60 75 00 105 120 135 150 165 180 


Time in minutes after water administration 

Fig. 4. The influence of chloroform anaesthesia upon water diuresis as distinct from 
its action upon alimentary water absorption. 

Tablb VIL Ether and physostigmine. Light ether anaasthesia with usually a positive 
comeal reflex. Deprived of water overnight. (Record of the dose of physostigmine lost.) 

Time after giving No. of Weight of the alimentasy canal 
5 p.o. body weight rats and contents expressecl as a 

of water used percentage of body weight Average 

60 min. 5 9*6,9*1,9*3,8*0,8*0 8*8 
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The results are summarized in graphical form on Figs. 2 and 3, on 
which the normal absorption curves described in Part I are reproduced. 
Since it is not possible with injected drugs to obtain much uniformity in 
the degree of narcosis except by repeated trials on the same animal an 
increase in the variability of results is to be expected. 



Time in minutes after water administration 

Fig. 5. The influence of ether aniesthesia upon water diuresis as distinct from 
its action upon alimentary water absorption. 


All rats used in these experiments were fed previously on bread and 
milk for a period of 3 days. 

II. TJie influences of chloroform and ether upon water diuresis when 
absorption is complete. If water is given to an animal and a sufficient time 
for water absorption is allowed before subsequently administering the 
anaesthetic, it has been found that a marked inhibition of diuresis is still 
obtained. This is clearly seen on Figs. 4 and 6. where the diuresis in 
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6ach rat which was anaesthetized falls rapidly below the average normal 
output of the controls. With the exception that no anaesthetic was given 
the control rats were similarly treated. Figs. 6 and 7 give the average 
diuresis curves for the anaesthetized and normal rats and indicate the 
times at which the water absorption may be assumed to have taken, 
place. 



Fig. 6. The influence of chloroform anaosthesia upon water diuresis as distinct’from 
its action upon alimentary water absorption. 

From Tables VIII and IX it will be seen that before an anaesthetic 
was given the average urinary outputs of the two sets of six animals is 
approximately equal to that of the eighteen normal controls. But during 
the period when the rats were anaesthetized with ether and chloroform 
respectively their urinary output fell markedly below that attained by 
the controls. 


PH. LXXVI. 


20 
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Thus at the end of 36 min. the average total urinary output was 
0-62 o.c. per 100 g. rat for the normal controls and 0-60 c.c. for the 
animals which were to be anaesthetized subsequently. 

In the next 65 min. the average total output of the normal controls 
was 2’48, but of the rats anaesthetized with chloroform only 0'61 c.c. 
per 100 g. rat. 



Fig. 7. The influence of ether anaesthesia upon water diuresis as distinct from 
its action upon alimentary water absorption. 

Similar results were obtained using ether anaesthesia. 

The water absorption curves for rats in which the previous treat¬ 
ment was similar and which were of the identical breed (Part I) show 
that water absorption is practically complete within 30 min. after the 
administration of a 5 p.c. of body weight dose of water by stomach 
tube. 
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Tablb VIIL 


Time after 
water 
adminis¬ 
tration 
(min.) 

20 

40 

45 


50 

60 

80 

100 

120 

140 

160 

180 


Time after 
water 
adminis¬ 
tration 
(min.) 
20 
30 
35 


40 

45 

60 

60 

80 

100 

120 

140 

160 

180 


Total urinary output in o.o. per 100 g. body weight of 
rats which were ansssthetized with ether 45 min. 
after giving water by stomach tube 


1 

2 

3 

4 

5 

6 

Average 

013 

009 

0*00 

0*26 

0*22 

0*17 

0*15 

0*45 

0-30 

0*04 

100 

0*80 

0*66 

0*64 

0*78 

0-54 

0*08 

1*37 

1*10 

0*93 

0*80 


1 

1 

1-6 now 

anassthetized with ether 


0-92 

1-20 

0*08 

1*57 

1*22 

1*08 

1*01 

104 

1-46 

0*08 

1*79 

1*37 

1*26 

1*17 

1-23 

1*58 

0*08 

2*00 

1*47 

1*81 

1*36 

1-42 

1*70 

0*08 

2* 17 

1*50 

2*10 

1*49 

1-53 

1-88 

008 

2*38 

1*50 

2*26 

1*61 

1*63 

2*06 

0*08 

2*38 

1*50 

2*41 

1*66 

1-54 

2*06 

0*08 

2*38 

1*50 

2*54 

1*68 

1 54 

2*06 

0*08 

2*38 

1*50 

2*67 

1*71 




Table 

IX. 




Total urinary output in c.c. per 100 g. body weight of 
rats which were ansesthetizea with chloroform 35 nun. 
after giving water by stomach tube 


1 

2 

3 

4 

5 

6 

Average 

0*00 

0*04 

0*08 

0*19 

0*40 

0*12 

0*14 

0*02 

0*11 

0*20 

0*50 

1*28 

0*33 

0*41 

0*06 

0*20 

0*32 

0*70 

1*83 

0*47 

0*60 

Kate Nos. 1 

-6 now 

ansDsthetized with 

chloroform 

0*12 

0*30 

0*46 

0*75 

2*00 

0*60 

0*71 

0*17 

0*37 

0*60 

0*77 

2*10 

0*71 

0*79 

0*29 

0*43 

0*72 

0*78 

2*16 

0*78 

0*86 

0*34 

0*54 

1*01 

0*79 

2*26 

0*87 

0*97 

— 

0*74 

1*40 

0*79 

— 

— 

0*98 

— 

0*98 

1*68 

1*06 

— 

— 

1*21 

— 

1*22 

1*58 

1*12 

— 

— 

— 

— 

1*74 

1*58 

1*17 

— 

— 

— 

— 

2*10 

1*58 

— 

— 

— 

— 


Average total 
urinary output 
in c.c. per 100 g. 
rat of 18 normal 
controls (no anass- 
thetic given) 

0-23 

0-93 

M7 


1- 43 
1*95 

2- 75 

3- 10 


3-35 


Average total 
urinary output 
in c.c. per 100 g. 
rat of 18 controls 
(no anaesthetic 
given) 

0-23 

0-40 

0-62 


0-93 

M7 

1- 43 
1 95 

2- 75 

3 - 10 


3-35 


It is clear, therefore, that the results represent the influence of these 
anaesthetics upon the urinary output after absorption has taken place. 

The extrarenal loss of water determined in rats anaesthetized with 
ether amounted to 3-55, 0-99, 2-97, 3*4, MG and 3*38 per 100 g. rat in 
3 hours. In two animals anaesthetized with chloroform it was 2*75 and 
3*90 g. per 100 g. rat in 159 and 152 min. respectively. This is not in 
excess of normal. 

The body temperature of the rats fell during anaesthesia, but for reasons 
described in a previous paper (Part II) it was thought ftiadvisable to apply 
heat externally. In any case the inhibition of diuresis takes place before 
there has been time for any appreciable loss of water or fall in temperature. 

20-~2 
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Discussion. 

In rats the delay in intestinal absorption of water produced by ether 
and chloroform is so great that this alone would explain the absence 
diuresis. But it has also been shown, that even when the induction of 
anaesthesia is postponed and time is allowed for water absorption there 
is still a marked inhibition of diuresis. The inhibitory actions of ether 
and chloroform are therefore twofold: on the alimentary canal delaying 
absorption and after absorption preventing excretion. 

The experiments on rabbits suggest that anaesthetics may also tend 
to diminish the alimentary absorption in this animal. 

In studying the inter-relationship of the nervous system and kidneys 
and in all diuresis experiments involving the administration of water by 
the alimentary canal it is clearly necessary to distinguish between 
enteral and renal phenomena. The parts played by these factors vary 
and must be separately assessed for each animal and anaesthetic used or a 
final interpretation of the results may be obscured. 

SUMMAKY. 

In rats: (1) The alimentary absorption of water is delayed to a marked 
degree by ether and chloroform, to a slighter degree by luminal, paralde¬ 
hyde and urethane and is not appreciably delayed by chloralose. 

(2) Diuresis is inhibited by ether and chloroform even when adequate 
time for water absorption is allowed prior to the induction of anaesthesia. 

(3) The inhibition of diuresis by ether and chloroform is not caused 
by any increased extrarenal water elimination. 


REFERENCES. 

Bonsmann, M. B. (1930). Arch. exp. Path. Pharmak. 150, 160. 
Buschke, Franz (1928). Ibid. 136, 43. 

Fee, A. B. (1928). J. Pharmacol. 34, 309. 

Frey, Ernst (1907). Pfiuegers Arch. 120, 66. 

Heller, H. and Smirk, F. H. (1932). J. Phyaiol. 76, 1. 

Kugel, M. A. (1929). Arch. exp. Path. Pharmak. 142, 166. 

Molitor, H. and Pick, E. P. (1925). Ibid. 107, 180. 

Molitor, H. and Pick, E. P. (1926). Ibid. 112, 113. 

Molitor, H. and Pick, E. P. (1927). Biochem. Z. 186, 130. 
Sohroeder, W. (1888). Arch. exp. Path. Pharmak. 24, 86, 

Smith, M. I. and McClosky, J. T. (1926). J. Pharmacol. 24, 371. 
Stehle, B. L. and Bourne, W. (1928). Arch. Intern. Med. 42, 248. 



612 . 442 : 612.65 


AN ANTI-GROWTH PRINCIPLE DERIVED FROM 
THE PARATHYROID GLAND. 

By M. H, B. ROBINSON and J. H. THOMPSON. 

[From the Physiological Laboraiories of the University of London, 
King’s College, and the Royal College of Surgeons.) 

During the course of another investigation the existence in the para¬ 
thyroid glands of a principle other than that controlling calcium meta¬ 
bolism was suggested. Moreover, preliminary experiments involving the 
injection of “parathormone” in rats over long periods demonstrated, 
among other things, some retardation of growth. 

That the parathyroid glands play some part in body growth was 
further suggested by the somewhat sparse literature of this subject. 
Hans man [1930] has recently performed thyro-parath 3 Troidectomy 
operations resulting in a marked gain in weight which, he maintains, 
is to be regarded as a manifestation of parathyroid imbalance, since the 
control experiments definitely rule out the possibility of these symptoms 
being due to hypothyroidism. 

Hyperparathyroidism in children is reported as being associated with 
emaciation and decrease in body weight and failure to grow [Hurst 
and Cosin, 1931; Pemberton and Geddie, 1930]. 

It may also be of significance that the oxyphil cells of the parathjnroid 
gland do not develop until the rate of growth begins to slow. In man they 
do not appear until the age of about adolescence, while hyperplasia of 
the parathyroid glands in aged individuals has been reported [Kur ik a wa, 
1925]. 

Another fact possibly having some bearing on the subject is that 
parathyroid glands have not been found in fish and, as is well known, 
fish never cease to grow. 

Therefore, the problem whether the parathyroid glands have some 
function relating to growth seemed worthy of investigation, and extracts 
of parathyroid glands free from the blood calcium raising factor (CoHip) 
were prepared and the effects of their administration in animals observed. 

The present paper presents the results thus obtaihed upon the growth 
rate of the animals. A preliminary paper has already been made by 
one of us (J. H. T.) [1931]. 
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Methods op pbbparation. 

A large number of preparations from ox parath 3 aroid glands have 
been made. Many of these have been inactive in relation to animal 
growth, and most of them are not mentioned in this paper. The majority 
of the active extracts are modifications of the original method of pre¬ 
paration, details of which are given below. A fuller description of the 
methods of preparation and of the chemical properties of the extracts 
will be given elsewhere. 

We are much indebted to Messrs Allen and Hanbury’s, Ltd., for pre¬ 
paring many of these extracts, and for most generously suppl 3 dng a large 
quantity of the original extract for the routine work. 

Mr N. Evers has kindly supplied us with the following details 
of the methods of preparation of the extracts used for routine 
work. 

Extract 1. 400 g. of parathyroid glands were freed from adhering fat, 
thoroughly minced and then mixed with a cooled mixture of 300 c.c. of 
concentrated sulphuric acid, 1800 c.c. of water and 900 c.c. of 96 p.c. 
alcohol. 700 c.c. of benzene were then added and the whole shaken for 
48 hours. The gland residue was then strained off and the benzene 
separated from the liquor after the latter had been standing for some 
hours. The acid-alcoholic liquid was then neutralized by the gradual 
addition of strong sodium hydroxide solution until the pH value was 
about 4*8. Alcohol, 95 p.c., was then added to a concentration of 75 p.c. 
by volume and the mixture kept in a cool place for 16 hours to allow 
the sodium sulphate to crystallize out. The insoluble matters were 
filtered off and the filtrate was evaporated under reduced pressure to a 
volume such that 1 c.c. was equivalent to 2 g. of original gland tissue. 
The pH value of the liquid was adjusted to 4*8, and after allowing the 
product to stand until it no longer deposited it was filtered through a 
sterilizing Seitz filter. 

Extract 2. Sodium sulphate was added to an extract made by the 
above process until the latter was saturated. The mixture was allowed 
to stand overnight and the salted out material was filtered off. It was 
redissolved in a smaller volume of water at pH 4*8 and again salted out. 
The combined filtrates were freed from sodium sulphate by the addition 
of alcohol to a final concentration of 75 p.c. by volume, cooled to about 
5° C. and filtered at this temperature. 

The alcohol was removed by distillation under reduced pressure and 
the volume of aqueous residue adjusted to its original value. 
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Extracts treated with hydrogerh 'peroxide. 1 c.c of “100 volume’^ 
hydrogen peroxide solution was added to 300 c.c. of an active extract, 
the pH of which was about 4*8, and the mixture kept in an incubator 
at 22® C. overnight. The excess of hydrogen peroxide was removed by 
the addition of manganese dioxide which was filtered ofi when the 
required action had taken place. 

Various fractions have been prepared of which a few are detailed below. 


Extract 

No. 

Method of preparation 

Total 

solids 

p.c. 

Ash 

p.c. 

3 

As extract 1 but heated with acid alcohol 

7-4 

1-3 

4 

Extract 3 treated with charcoal 

— 

— 

5 

Filtrate from treatment of extract 3 with 80 p.c. alcohol 

— 

— 

6 

Extract 6 treated with charcoal 

— 

— 

7 

Extract 3 treated with hydrogen peroxide 

— 

— 

8 

Precipitate obtained during evaporation of extract 6 

2-60 

0-65 

9 

Extract 3 autoclaved 

8-0 

1-70 

10 

Residue, from extraction with acid 80 p.c. alcohol, extracted 

0*7 

0-3 

11 

with acid 30 p.c. alcohol 

Extraction of acetone soluble matter from glands with acid 



12 

alcohol 

Allcalino extract of glands 

60 

0*55 

13 

Proteolytic digestion of glands 

Proteolytic digestion of lean veal 

— 

— 

14 

— 

— 


All extracts used in this series of experiments have been free from 
all antiseptics, adjusted to pH 7, and are protein free. 

Methods of administration. In ail cases, unless otherwise stated, the 
extracts have been given by subcutaneous injection once daily. 

An ordinary diet has been given to all animals, and in most instances 
the experimental animals and their controls have lived together in the 
same cages. 

No local reaction has ever resulted from injecting the extracts de¬ 
tailed in this paper, although considerable reaction occurred with earlier 
extracts due to failure of adjusting the solution to pH 7. 


Results. 

Retardation of growth has been successfully obtained in all the 
different kinds of animals used, viz. rabbits, rats, guinea-pigs, tadpoles 
and axolotls. The present paper deals with rabbits and rats. In no 
instance have any harmful effects been observed with the dosages used. 
No sickness, vomiting, diarrhoea, convulsions, nor any signs of hyper- 
calcsemia have been observed. The animals have remained apparently 
healthy, feeding and exercising in a perfectly noitaal manner. Indeed, 
some slight beneficial effects have been noticed, the experimental animals 
being less subject to intercurrent disease. 
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Rabbits, Fig. 1 shows the average growth curves for the first 12 months 
of all the rabbits having one 5 c.c. dose daily, the dose used in this 
investigation thus far. As will be seen the growth rate of the experi¬ 
mental animals begins to be decreased about 4 weeks after the beginning 
of the injection of extract 1. Extract 2, however, induces an earlier 
retardation. With a 5 c.c. dosage growth is markedly retarded, and in 
some instances completely inhibited for a few months. 



Fig. 1. Average growth curves of 26 rabbits injected with 6 c.c. of parathyroid extract 
daily, and of 10 control rabbits. It will be seen that at the end of 12 months there 
is a difference in weight of nearly 1 kg. 


With smaller doses the degree of retardation varies more or less pro¬ 
portionately with the dosage as will be seen from Fig. 2. 

Rabbits, inhibited in their growth rate by extract 1 (two of which 
are shown in Fig. 3), appear to develop after a few months a kind of 
tolerance to the extract. This is also obvious when using extract 2 over 
long periods of time, but the effect is a much smaller one. A few 
preliminary investigations show that when injections of extract 2 are 
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Months 

Fig. 2. Growth curves of rabbits of the same litter injected with 5 c.c. and 2 c.c. doses of 
parathyroid extract daily. The degree of growth retardation is approximately pro¬ 
portional to the dosage. 
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discontinued the experimental animals continue to grow at the retarded 
rate (Fig. 4). 

The retardation of growth involves the whole body. The animals are 
well developed and normal except that they are much smaller in size 
than the controls (Fig. 3). That the growth of the skeleton is included 
can be seen from Fig. 6, No abnormality of the calcium metabolism 
has been found in the bone structure of any animals (Fig. 6). The control 



Fig. 4. Showing {a) the greater potency of extract 2 in retarding growth; (6) the tolerance 
developed to extract 1; (c) the continuation of the retarded growth rate after cessation 
of extract 2 at the seventh month. 

rabbits have had equivalent doses of saline during the first 3 months, 
and equivalent doses of meat extract prepared in the same way as the 
parathyroid gland extract for the ensuing 2 months. As no effects upon 
the growth rate were obtained as a result of injecting it, its administra¬ 
tion was discontinued. 

More elaborate control experiments have been performed in the ex¬ 
periments on rats. 

Rais, Extract 1 was found to be without much effect in rats. How¬ 
ever, when more potent extracts were prepared results were readily 
obtained in them. 
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Fig. 5. Skeletons of rabbits shown in Fig. 3. 



Fig. 6. Miorophotograph of ground section of femur of rat iiyected with 6 c.c. of extract 
for 3 months to show that no decalcifioation of the Utone has occurred. 




310 


M. H. B. ROBINSON AND J. H. THOMPSON. 



Fig. 7. Retardation of growth in rats by injection of 2 c.c. extract 2 daily. The curves 


represent the average weights of 24 rats. 



Fig, 8. The effects on growth of rats of extracts of horse muscle and of fish muscle made 
in a similar manner to the parathyroid extracts. 2 c.o, doses were injected. No varia¬ 
tion from the normal growth was observed. 
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Fig. 9. Showing that autoclaving the extract does not affect its potency. The same extract, 
however, by washing with hydrogen peroxide has its activity destroyed. 



Fig. 10. The effects ol injecting 2 c.c. doses daily of extracts S and 10 respectively upon 

rat growth. 
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Extract 2, freshly prepared, inhibits growth in rats by the end 
of 2 or 3 weeks (Pig. 7). As in the case of rabbits, the animals remain 
perfectly healthy during the period of retardation of their growth and 
exhibit no abnormal signs. 

Control experiments. Extracts of various other tissues have been 
prepared by the same method of extraction, and given in equivalent 
doses to rats. Tissues so extracted include muscle (veal and beef), prostate 
gland, foetus, and fish muscle. In no case has an inhibition of growth 
been obtained, but in some instances a definite acceleration of growth 
has resulted. Different methods of extraction yielding the anti-growth 
factor from the parathyroid glands have failed to elicit a principle from 
other tissues which has a similar effect on animal growth (Fig. 8). 

Controls are also provided by inactive extracts of parathyroid glands 
or active extracts treated as indicated below. 

Although we have so far failed to isolate the active principle, never¬ 
theless some information has been obtained relating to its properties. 
For instance, boiling or autoclaving at 15 lb. for several hours the extract 
prepared according to extract 3 (see extract 9) does not affect its potency 
(Fig. 9). The extract, however, slowly loses its potency when kept at 
room temperature or even in a refrigerator. 

On the other hand, washing the extract with hydrogen peroxide 
(extract 7) totally destroys all its activity (Fig. 9). 

The active principle is apparently soluble in acetone, since acetone 
extraction of the glands yields a solution which inhibits growth in rats 
after a latent period of 2 weeks. 

An equally potent preparation can be obtained from the precipitate 
formed during the evaporation of the filtrate resulting from treatment 
of extract 3 with 80 p.c. alcohol (see extract 8). This is of particular 
interest in view of the fact that it is probably the most potent fraction 
prepared and yet has a very low percentage of solids contained in it 
(Fig. 10). Extract 10 produced no effect on growth in rats (Fig. 10), but 
is mentioned because, in common with the other fractions retarding 
animal growth, it caused inhibition of plant growth. But its power to 
do so was rapidly destroyed by boiling. This fraction, therefore, seenas 
to have in solution a thermolabile active principle which inhibits plant 
growth, but so far as we have been able to determine, is without effect 
on animal growth. 
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Discussion. 

That the parathyroid glands play some rdle in growth is suggested 
by the observations referred to in the opening paragraphs. The difficulty 
in the past has been to dissociate this possible function from the well- 
known part which they take in regulating the calcium metabolism of 
the body. 

No indication of any disturbance of the calcium metabolism has been 
observed in the experiments here recorded. Further investigation of this 
point is being pursued. 

There is no evidence to indicate any toxicity of the preparations used. 
The total amount of solid matter present in the extracts is small, and 
it is significant in this connection that extract 8 with an extremely low 
solid content has a powerful inhibiting effect. None of the animals has 
shown any signs of toxsemia. Indeed, as already stated, many of the 
animals have been in slightly better physical condition than the controls. 
Injections daily extending over several months have failed to create any 
disturbance of normal health other than failure to grow. Indeed, it has 
been possible in several instances to keep animals constant in size and 
in weight for periods of 4 and 5 months. 

The fact that some animals are more sensitive than others is difficult 
to explain. One of the difficulties encountered in reaching a conclusion 
is that no fully satisfactory method of extraction has been found. 
Extracts made in the same way vary in their potency, and occasionally 
are quite impotent as regards inhibition of the growth of rats. Whether 
this is due to some unknown factor in the extraction process, or whether 
the active principle has been destroyed or partially destroyed in the 
gland material prior to extraction we do not yet know. Nevertheless, 
since retardation of growth has been obtained in such a large number of 
animals, and no relation to any known substance in the extract or known 
function of the parathyroid has been demonstrable, we feel justified in 
concluding that the parathyroid glands contain an autacoid body with 
a growth-inhibiting fimction. 

Summary. 

Extracts of parathyroid glands have been prepared which have been 
injected into rabbits and rats. 

Marked retardation of the growth rate has be^n demonstrated in 
most of the animab so treated, and reasons are advanced for concluding 
that an anti-growth factor exists in the parathyroid glands. 
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THE EFFECT OF PARATHYROID HORMONE AND OF 
IRRADIATED ERGOSTEROL ON CALCIUM AND PHOS¬ 
PHOROUS METABOLISM IN THE RAT. 

By L. I. PUGSLEY. 

(From the Department of Biochemistry, McGill University, 
Montreal, Canada») 

I. Introduction. 

The rat is commonly regarded as a species relatively refractory to the 
parathyroid hormone, although Tweedy and Chandler [1929] were 
able to show that continued large doses were lethal, and Rose and 
Stucky [1930] found that the serum calcium could be raised by two or 
three days’ treatment. An increased calcium excretion has been ob¬ 
served by Waltner [1928], and very recently by Biilbring [1931], the 
calcium being presumably derived from the bones, which according to 
Waltner [1928] and to Lambie, Kermack and Harvey [1929] soon 
display osteoporosis. The object of the present research was to re¬ 
investigate the action of parathyroid hormone in the rat, and to compare 
it with the action of large doses of irradiated ergosteroP. The latter is 
known to decrease calcium excretion in the faeces and increase it in the 
urine [Brown and Shohl, 1930; Watchorn, 1930] and the interpreta¬ 
tion usually offered is that the absorption of calcium from the intestine is 
greatly increased, although according to Harris and Innes [1931] and 
others mobilization of calcium from the bones must also take place. Taylor, 
Weld, Branion and Kay [1931] affirm that in the dog the effects of 
overdosage with irradiated ergosterol are identical with those of parathy¬ 
roid overdosage, and consider that in large doses vitamin D stimulates 
secretion from the parathyroid glands. It will be shown, however, that in 
the rat the metabolic effects of the two substances are entirely dissimilar, 
and recent studies in this laboratory by Sely e [1932] prove that different 
histological changes are produced in the skeleton by these two agents. 

The problem first investigated in this research was the effect of 
parathyroid, hormone on the excretion of calcium and phosphorus in the 
urine and faeces. Greenwald and Gross [1926] found that the admini¬ 
stration of parathyroid hormone to dogs led to an Ihcreased excretion of 

' The writer is indebted to Eli Lilly and Co. for the parathormone and to Mead, Johnson 
and Co. for the ergosterol used in these experiments. 
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calcium in the urine, which was not maintained throughout the period of 
treatment and declined to subnormal levels in the recovery period; the 
phosphorus excretion in the urine followed a similar course, while the 
excretion of these elements in the faeces was little afEected. These results 
have been confirmed by many workers, especially in studies of human 
subjects, in whom, according to Albright, Bauer, Ropes and Aub 
[1929] the rise in urinary calcium appears later than, and is probably 
secondary to, the rise in urinary phosphorus. Other references may be 
found in a recent review of the literature [Thomson and Collip, 1932]. 

II. Genebal methods. 

Albino rats of Wistar stock were used. They were kept in Hopkins’ 
metabolism cages, and the urine and faeces were collected separately. In 
order to obtain sufficient urine for calcium analyses it was necessary to 
keep two rats (litter-mates) in a cage, and allow the urine to collect for 
48 hours; the results, however, are expressed in mg. per rat per day 
throughout this paper. The diet used was McCollum’s stock diet, except 
that no powdered bone was included, as it was felt undesirable to run the 
risk of contamination of the excreta with this ingredient; as compounded, 
the diet contained 0*266 p.c. phosphorus and 0*025 p.c. calcium. Male and 
female rats were used indifferently, and the animals weighed from 180 to 
205 g. at the beginning of the experiments. 

Analytical methods. The urine was ashed by a modification of the 
technique described by Kutz [1931] from this laboratory for dried tissue. 
It was evaporated to dryness in the 126 c.c. Pyrex Erlenmeyer flasks in 
which it was collected, and boiled for 3 or 4 hours with 3 to 5 c.c. of con¬ 
centrated nitric acid (redistilled in glass to get rid of the traces of calcium 
usually present) until the digestion mixture was a clear straw-yellow; the 
nitric acid was then allowed to evaporate, and successive small amounts of 
nitric acid were added and evaporated until a white ash was obtained; 
the heating was carried out on a sand bath at about 200 ° C., and the 
whole process took about 24 hours. The ash was dissolved in HCl, 
calcium was determined on an aliquot portion by the method of Clark 
and Collip [1925], phosphorus on another portion (after heating with 
ION H 2 SO 4 to convert metaphosphate into orthophosphate, and to drive 
off excess HCl) by the method of Fiske and Subbarow [1925]. It was 
shown that known amounts of phosphate added to the urine could be 
quantitatively recovered by this method. The faeces were collected and 
dried in a silica dish and ashed in an electric muffle furnace at 600° C. for 
3 hours; the ash was analysed by the method described above. 
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III. Expebihemtal results. 


The effect of ‘parathyroid, hermme upon the excretion of ecdaum and 
phosphorus by adult rats. The first problem studied was the effect of 
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Fig. 1. The effect of administration of 5, 10 and 
20 units of parathyroid hormone daily upon the 
excretion of calcium in the urine of adult rats. 

Fig. 2. The effect of administration of 5, 10 and 
20 units of parathyroid hormone daily upon the 
excretion of calcium in the fteces of adult rats. 
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Fig. 2. 


varying amounts of parathyroid hormone (“Parathormone” Lilly) on 
the excretion of calcium and phosphorus. The experknents were divided 
into three periods (after the animals had become accustomed to the 
cages and the diet), during which the urine and fasces were collected from 
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each pair of rats every second day; a preliminary control period of 10-14 
days was followed by a period of 12-14 days in which the extract was 



0 A B 12 iO EA 2$ 0 A B 12 tB 20 2A 2$ 

DAYS days 

Fig. 3. Fig. 4. 

Fig. 3. The effect of administration of b, 10 and 20 units of parathyroid hormone daily 
upon the excretion of phosphorus in the urine of adult rats. 

Fig. 4. The effect of administration of 6, 10 and 20 units of parathyroid hormone daily 
upon the excretion of phosphorus in the fsooes of adult rats. 

injected subcutaneously in daily doses of 6, 10, or 20 units, and a re¬ 
covery period. The results are shown in Figs. 1, 2, 3, and 4. Each curve 
gives the excretion per rat per day in mg. and each represents the 
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average excretion of three pairs of rats; three pairs of untreated controls 
were also followed. The most striking effects are seen in the increase in 
urinary calcium, which on the largest dose attains some fifty times the 
control value. It will be observed that the effect varies with the dose, 
and that it is not maintained throughout the period of treatment (the 
beginning and end of which are shown in the figures by arrows) but 
attains a peak on the fourth day and thereafter rapidly declines. In fact 
the rats appear to become immune rapidly or refractory to the extract, a 
phenomenon which has also been observed in dogs and in human sub¬ 
jects, and which is the object of further study in the later experiments. 
The calcium excretion in the faeces is also increased, but to a much less 
striking extent, in the period of treatment. Since the total ‘‘extra 
calcium” excreted, even on the largest dose, is not over 70 mg., it is not 
surprising that Day [1930] was unable to obtain significant reductions in 
the total body calcium of rats receiving much smaller doses of the 
hormone. The excretion of phosphorus in the urine is somewhat in¬ 
creased during the period of treatment, but the relative change is not 
nearly as great as that in calcium excretion, nor is there any evidence 
that it occurs more rapidly; the faecal phosphorus does not appear to be 
significantly affected. None of these rats showed any ill-effects from the 
series of injections except a slight loss of weight; the administration of 
40 units daily, however, was found to produce cachexia in 3 days and 
death in 5 or 6; the observation of Tweedy and Chandler [1929], that 
the congestion and hyperaemia of the stomach characteristic of dogs 
receiving excessive doses of parathyroid extract does not appear in rats, 
was confirmed by post-mortem examinations. 

The effect of parathyroid hormone upon the serum calcium of adult rats. 
Blood was collected from rats by severing the carotid artery and jugular 
vein on one side and allowing the animals to bleed to death into a 
centrifuge tube; in order to obtain sufficient serum for the determination 
of calcium by the technique of Clark and Collip [1926], it was necessary 
to pool the blood from two rats. The average serum calcium of 40 pairs of 
rats on the diet described was found to be 10*3 mg. p.c., with a standard 
deviation of only 0*22 mg. p.c. Rats receiving 10, 20, or 40 units of 
parathyroid hormone daily were killed at various intervals and the 
serum calcium values obtained are plotted in Fig. 6, in which each point 
represents the average of determinations made onJrom three to eight 
pairs of rats. It is clear that marked hypercalcasmia can be produced, that 
it is to some extent proportional to the dose inj ected, and that it is not main¬ 
tained throughout treatment but tends to return towards normal levels. 
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Fig. 6. The effect of administration of 10, 20 and 40 units of parathyroid hormone daily 
upon the serum calcium of adult rats. 
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Fig. 6. The effect of administration of 2000 to 4000, 20,000 and 50,000 units of vitamin D 
daily upon the excretion of calcium in the urine of adult rats. 
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The effect of irradiated ergosterol upon the excretion of calcium and 
phosphorus by adult rats. This experiment was carried out in the same 
manner as the first experiment. The irradiated ergosterol used was a 
sample prepared by Mead, Johnson and Co. for research purposes and 
was stated to have the potency 10,000 Z ± 10 p.c., assayed by the 
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Fig. 7. The effect of administration of 2000 to 4000, 20,(XH) and 50,000 units of vitamin D 
daily upon the excretion of phosphorus in the urine of adult rats. 

method of Bills, Honeywell, Wirick and Nussmeier [1931]; 
according to the figures given by these workers, it therefore contained one 
million international rat units per c.c. Various dilutions in olive oil were 
prepared and were administered orally by means of^a pipette in doses of 
2000, 4000, 20,000 and 60,000 units daily, in each case in a volume of 
0*1 c.c. per dose. The results of the experiments are shown in Figs. 6, 7, 8 
and 9; as they are on the whole in harmony with those of other workers. 
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they do not require extended discussion. With the larger doses, there is a 
great increase in the excretion of calcium in the urine with no regular 
change in urinary phosphorus, and, in contrast to the experiments with 



Mrs 

Fig. 8. Tho effect of administration of 2000 to 4000, 20,000 and 50,000 units of vitamin D 
daily upon the excretion of calcium in the fesces of adult rats, 

parathyroid extract, a very distinct decrease in the faecal excretion of 
both elements. Except on the highest doses, the rats did not appear to 
suffer any ill effects from the treatment. These results are not readily 
brought into line with the theory that the chief effect of large doses of 
irradiated ergosterol is to stimulate the parathyroid glands. 
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The administration of irradiated ergosterol to rats refractory to para¬ 
thyroid hormone. In this experiment a study was made of the calcium and 
phosphorus excretion of a group of rats which received first 10 units of 
parathyroid hormone daily for 12 days on two separate occasions, then 
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Fig. 9. The effect of administration of 2000 to 4000, 20,000 and 60,000 nnits of vitamin D 
daily upon the excretion of phosphorus in the faeces of adult rats. 

received 50,000 units of irradiated ergosterol daily for 30 days, and lastly 
received 10 units of parathyroid hormone daily for 14 days. The results 
are shown in Figs. 10 and 11, in which the parathyroid periods are 
marked by a shaded block and the vitamin period by a black block. The 
urinary calcium increased in the usual way at the*beginning of the first 
parathyroid period, but showed almost no response in the second and 
third parathyroid periods, though it increased as usual, with the usual 
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concomitant decrease in fsecal calcium, in the intervening vitamin period. 
This experiment shows firstly, that rats which have once become immune 
or refractory to parathyroid hormone do not readily regain sensitivity, 
and secondly, that such rats respond as usual to the treatment with 
irradiated ergosterol. 



Fig. 10. Comparison of the effect of successive administration of parathyroid hormone with 
that of irradiated ergosterol upon the excretion of calcium of adult rats: 
tiililUliHllllJiliillllD 10 units of parathyroid hormone daily. 

■■■■■■ 50,000 units of vitamin D daily. 


The effect of urine of immune rats receiving parathyroid hormone on the 
calcium excretion of responsive rats. Since it was felt that the animals 
which had developed ‘"immunity” to parathyroid hormone might be 
excreting the injected hormone in the urine, an investigation of the point 
was undertaken. Five pairs of rats which had previously received 10 units 
of parathyroid hormone daily in three periods, and which no longer 
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showed any response to the injections, were treated with 20 units of 
parathyroid hormone daily. One pair (‘‘-4”) was kept as a control, the 
urine and fasces being analysed for calcium, which did not increase 
during the treatment. The urine of the other four pairs was injected into 
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Fig. 11. Comparison of the successive administration of parathjrroid hormone with that of 
irradiated ergosterol upon the excretion of phosphorus of adult rats. 

three pairs of normal rats (X, Y and Z) whose calcium excretion was 
followed. The results are summarized in Table I. It is seen that though 
the amount of urine injected into each of the normal (and presumably 
responsive) rats daily might have contained 26*6jLinits of parathyroid 
hormone, if quantitative excretion occurred, and though the urine was 
collected in the presence of acetic acid and chloroform to prevent de¬ 
struction of any hormone present, yet none of the rats receiving injections 
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Table I. Effect of administration of urine of rats immune to the action of parathyroid 
hormone^ upon the excretion of calcium of normal adult rats expressed in mg. per day. 


Urine Faeces 


Date 

1932 

A 

Control 

X 

Y 

Z 

A 

Control 

X 

Y 

Z 


Feb. 22 

007 

0*18 

0*02 

0*02 

3*30 

6*67 

6*50 

7*00 

Control 

23 

0*11 

0*04 

0*13 

0*02 

— 

— 

— 

— 

Experimental 

M 24 

0*07 

0*16 

017 

0*23 

-3*30 

4-75 

6*70 

7*40 

period 

„ 25 

0*16 

0*04 

004 

0*04 

— 

— 

— 

— 

„ 26 

0*12 

0*14 

0*08 

0*29 

4*90 

5*37 

6*37 

7*70 



of this urine showed any significant increase in the excretion of calcium in 
the urine or faeces. It may be concluded that certainly not more than 
one-fifth of the parathyroid hormone injected into the immune rats 
appeared in the urine. 

The effect of the injection of the serum of immune rats upon the response 
of normal rats to parathyroid hormone. It was also thought possible that 
in “immune” animals some substance antagonistic to the parathyroid 
extract might be present in the blood serum. Normal responsive rats 
were therefore treated with 20 units daily of parathyroid hormone and 
simultaneously with 2 c.c. of serum from either normal, responsive rats 
or previously treated “immune” rats, and the excretion of calcium in the 
urine of the injected animals was studied. The results are shown in 
Table II. Both groups of injected rats showed the typical great increase 

Table II. Effect of administration of 20 imits of parathyroid hormone and serum of rats 

immime to the action of parathyroid hormone, upon the excretion of calcium in the 


urine of normal adult rats. 



Date 

Injected with 
normal serum 

^rmone 

Injected with 
immune serum 


1932 


^rmone 


Jan. 3 

016 

0*07 

Control period 

„ 5 

018 

0*09 

„ 7 

1*70 

0*33 

Experimental period 

.. 9 

4*80 

5*93 


„ 11 

2*44 

1*25 


„ 13 

0*39 

0*39 


„ 15 

0*30 

0*38 



in urinary calcium during the first part of the period of parathyroid 
treatment, and neither normal serum nor “immune” serum inhibited 
this effect. 

IV. Discussion. 

Although the rat is relatively refractory to parathyroid hormone, 
when compared with the dog or the man, nevertheless it is possible to 
produce an increased serum calcium and an increased excretion of 
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calcium in the urine and faeces by the injection of moderate doses. Of 
these effects, the greatest relatively is that upon the urine calcium in the 
first few days of treatment. Since this effect is obtainable with doses as 
small as 5 units daily per rat, and is roughly proportional to the dose, it 
suggests that a valuable method of biological assay of parathyroid 
extracts might be founded on this basis, the only objection being the 
tedious nature of the analysis required^. 

The apparent immunity to parathyroid extracts which the rats 
rapidly develop is of great interest. Attempts to demonstrate the 
presence of an immune body in the serum, or an increased permeability 
of the kidney to the injected hormone, completely failed. Since these 
experiments were carried out, however, an entirely new light on the 
nature of this immunity has appeared in the work of Selye [1932], in 
this laboratory. He has shown by histological study of the bones of rats 
receiving parathyroid extract, that while the first response is a formation 
of numerous osteoclasts with rarefaction of bone (doubtless leading to 
hypercalcaemia and increased calcium excretion), this is succeeded by 
the disappearance of the osteoclasts, the formation of numerous osteo¬ 
blasts, with bone apposition proceeding to such an extent that the picture 
of ‘‘marble-bone disease’' can be produced experimentally. In this 
second phase of the reaction one would expect to find a decrease in 
calcium excretion and possibly subnormal serum calcium. 

The metabolic effects of large doses of vitamin D (irradiated ergo- 
sterol) are quite unlike those of parathyroid hormone. There is once more 
an increased excretion of calcium in the urine, but it is accompanied, as 
others have found, by a decreased excretion in the fseces; moreover, 
animals may be responsive to irradiated ergosterol when they are almost 
completely “immune” (as far as calcium excretion is concerned) to 
parathyroid hormone. It may be concluded that if large doses of 
irradiated ergosterol do stimulate parathyroid secretion, this is but a 
small part of their pharmacological action. 

V. Summary. 

1. General and chemical methods for following the excretion of 
calcium and phosphorus in the urine and faeces of rats are described, 

2. The injection of parathyroid hormone, in doses of 6 to 20 units 

daily, leads to an increase in serum calcium, an increase in faecal calcium 

» 

' After this article had gone to press F. J. Dyer reported before the Physiological 
Society, London, J, Physiol, 75, 13 P, 1932, a method for the estimation of parathyroid 
hormone based on the rise in urinary calcium of male rats. 
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and mine phosphorus, and a relatively more striking increase in urine 
calcium, which however is not long maintained. Experiments on the 
nature of the apparent immunity to the hormone developed under 
treatment are described and discussed. 

3. Oral administration of irradiated ergosterol, in doses of 20,000 to 
60,000 units daily, leads to an increase in urine calcium but a decrease in 
fsecal calcium and phosphorus. This effect is also obtainable in rats 
which have become “immune” to parathyroid hormone. 

I wish to express my thanks to Prof. J. B. Co Hip and to Dr D. L. 
Thomson for help and advice during the course of this work. 
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INORGANIC SULPHATE EXCRETION BY THE 
HUMAN KIDNEY. 

By CUTHBERT L. COPE. 

(From the Biochemistry Department^ Oxford^ and 
the Raddiffe Infirmary, Oxford,) 

In putting forward his modern theory of renal function, Cushny [1917] 
pointed out that if any substance could be found which was eliminated 
entirely by glomerular filtration and was neither reabsorbed nor secreted 
by the cells of the renal tubules, then that substance could be employed 
to determine the actual rate of glomerular filtration. The truth of this can 
scarcely be questioned unless we suppose that the process occurring in the 
glomeruli is not one of simple filtration. 

For thus estimating glomerular filtration rate, Cushny originally 
suggested that urea fulfilled the requirements, but later, in view of the 
accumulating evidence against an uncomplicated filtration of urea, 
abandoned that substance in favour of inorganic sulphate [1926]. 

Mayrs [1922] and White [1923] had already employed sulphate 
excretion for the same purpose in animals. In 1926 Rehberg pointed 
out the apparent relative advantages of creatinine excretion as an index 
of filtration rate, and in more recent papers has published observations 
which he interprets as supporting the view that creatinine fulfils the 
necessary requirements, i.e, is filtered off in the glomerular filtrate in the 
same concentration as in the plasma, and is neither reabsorbed nor 
secreted by the tubule cells. For any substance fulfilling these conditions 
the mode of calculation of the filtration rate is the same. 

Thus if Xj, and be the concentrations of the substance in plasma 
and in urine respectively, expressed as mg. per 100 c.c., and F be the 

volume of urine excreted in c.c. per unit of time, then the glomerular 

XV 

filtration rate will be 100 - c.c. in the same unit of time. This ratio, 
determined for creatinine, Rehberg calls the “glomerular filtration 

rate,” but in the present paper it is considered preferable to employ the 

XV * . . 

ratio and to call this the “clearance for substance X in keeping 

with the nomenclature now in frequent use in discussing urea excretion. 
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The terms “clearance for substance X’* and “glomerular filtration 
rate as estimated by substance X” thus refer to essentially the same 
ratio, but differ in that the former attempts no interpretation of the 
physiological significance of the ratio, whilst the latter ascribes to it a 
meaning which as yet is not strictly justified. For this reason the former 
term is considered preferable. 

Of the various substances occurring naturally in the urine, two, viz. 
creatinine and inorganic sulphate, have been held to afford reliable indices 
of the extent of glomerular filtration. If the claims for both substances 
are to be justified it must be shown that the results obtained by the use 
of creatinine are the same as those obtained with sulphate, and that this 
agreement holds under all conditions both physiological and pathological. 
In other words, the clearance for sulphate must always be the same as 
that for creatinine. 

Accordingly Mayrs [1922] and White [1923] showed that when the 
blood sulphate concentration was raised to abnormally high levels by 
intravenous injection of sodium sulphate, the concentration ratios for 
creatinine and for sulphate were practically the same. Earlier technical 
difficulties in the accurate estimation of inorganic sulphate in the low 
concentrations, encountered in the plasma of normal animals and of men, 
prevented these observations from being extended to include the normal 
subject. 

Nevertheless Poulsson [1930] sought to show that the two clear¬ 
ances were the same in man. He assumed the concentration of plasma 
inorganic sulphate in his experiments to lie within the limits of normal 
given by Wakef ield [1929]. These limits were considerably below those 
obtained by other workers using difierent methods, and more recently 
Wakefield himself, in collaboration with Power and Keith [1931], 
and using an improved method, has obtained higher normal values in 
good agreement with those of other investigators. The deductions of 
Poulsson are thus based on figures which Wakefield himself has dis¬ 
carded as too low. It is clear therefore, that Poulsson’s suggestion that 
the creatinine and sulphate clearances are of the same magnitude in man 
Cannot be accepted on the evidence he provides. 

In the present paper results of a number of direct determinations of 
the sulphate clearance in normal and in nephritic men are presented in 
which this claim of Poulsson could not be confirmed. The theoretical 
bearing of this fact is also considered. 
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Methods. 

Creatinine in urine was determined by the usual method of Folin 
[1914]. 

Creatinine in plasma was determined colorimetrically in a P olin-Wtt 
filtrate. Details of the precautions employed have been given elsewhere 
[Cope, 1931 a]. 

Sulphate in urine. The gravimetric method of Folin [1905] was found 
entirely satisfactory and was used throughout. 

Sulphate in plasma and serum. This has been estimated by two 
entirely independent methods: (i) Nephelometrically, by a modified 
Denis technique giving an accuracy of about lOp.c. [Cope, 19316], 
(ii) By benzidine precipitation and microtitration [Cope, 1931 6], a 
method in which the error does not exceed 5 p.c. in the concentrations 
estimated. 

In the tables of results these methods are designated by the letters 
N and B respectively. 

Urea in blood and in urine was determined by the urease and aeration 
methods of Van Slyke and Cullen [1914J. 

Results. 

Table I shows the results of a series of inorganic sulphate clearance' 
determinations made on healthy young adults, in which the nephelo¬ 
metric method of serum sulphate estimation was used. Observations 
were made during the morning hours on subjects who had had no break¬ 
fast and who were during the observational period moving about the 
laboratories. The condition was, therefore, not one of complete rest, nor 
was a diuresis provoked. Urine was collected over a period of one hour, 
in the middle of which a sample of venous blood was taken for sulphate 
analysis in the serum. 

The results are divided into two groups. In the first, plasma sulphate 
concentration was normal; in the second it had been raised somewhat by 
the oral ingestion of 10 g. of sodium sulphate the previous evening. It 
will be seen that, with one exception, the sulphate clearances lie between 
26-0 and 51-3, with a mean value for each group of about 35*5. 

Although, unfortunately, simultaneous creatinine clearance determina¬ 
tions were not made in this series, there can be little doubt that these 
would be considerably higher than 35-5. Holten and Rehberg [1931] 
give a minimum normal value of about 60 with a mean of about 90. 

M. LXXVI. 22 
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Table I. Sulphate olearanoes in normal human subjeots. (Nephelometrio method.) 


A. Normal plasma sulphate concentration. 




Urine 

Inorganic 





inoraanic 

sulfate 




Volume of 

sulimate 

excretion 

Serum 

Sulphate 


urine per 

mg. S per 

mg. S per inorganic 

clearance 

Subject 

hour 

100 c.o. 

hour 

sulphate 

(hourly) 

Hunt 

39-6 

9900 

39*00 

Ml 

36*4 

Osborn 

61-6 

50*86 

26*20 

0*72 

36*1 

Osborn 

860 

46*50 

40*00 

0*78 

61*3 

Cope 

390 

61*60 

24*00 

0*80 

30*0 

Palin 

47-5 

107*00 

50*88 

1*15 

44*2 

Cope 

41-2 

65*26 

22*76 

1*17 

19*6 

Starling 

18-6 

284*80 

62*68 

1*60 

32*9 




Mean 

1*06 

35*6 

B, 

15-18 hours after oral ingestion of sodium sulphate (lOg,). 


Osborn 

670 

118*60 

67*64 

1*76 

38*2 

Talbot 

61-0 

116*30 

70*30 

1*76 

40*0 

Cope 

540 

160*60 

86*90 

1*87 

46*6 

Watson 

270 

249*20 

67*05 

1*92 

34*9 

Palin 

380 

156*70 

69*57 

2*24 

26*6 

Bosworth 

1890 

39*48 

74*63 

2*26 

33*0 

Cope 

460 

133*60 

61*46 

2*27 

27*0 

Swan 

66-1 

134*10 

88*52 

2*42 

36*3 




Mean 

2*06 

35*3 


Poulsson [1930] obtained creatinine clearance values from 80 to 108 
per hour, and the present writer has also obtained similar figures. 

A series in which simultaneous determinations of urea, creatinine and 
sulphate clearances were all made on the same subject is shown in 
Table II. With the exception of (10 a) and (11 a), these determinations 
were all made with the subject at rest, and in the presence of a large 
dimesis provoked by combined water and urea ingestion, i.e. the so-called 
Addis conditions. 

That such conditions do not materially influence the sulphate 
clearance is indicated by experiments (10 o) and (11 a) which were per¬ 
formed on the same mornings as (10) and (11) respectively, but during 
moderate exercise and in the absence of diuresis. Here a very consider¬ 
able change in conditions has had no significant effect on the sulphate 
clearance. In this series the sulphate clearance, far from equalling the 
creatinine clearance, seldom exceeds one-third of the value of the latter, 
and tends, indeed, to be slightly lower than the maximum urea clearance. 
That the same essential ratio between the three clearances tends to per¬ 
sist when the functional activity of the kidney is reduced by disease, is 
shown in the observations on nephritic human subjects given in Table III. 



SULPHATE EXCRETION BY KIDNEY. 


333 


Tablib II. Comparison of urea, sulphate and creatinine clearances in human subject C.L.C. 


Creatinine Urine Excretion 



clearance 

_____ 

Urea 

clearance 

(hourly) 

Volume 

urine 

per 

hour 

inorganic 
sulphate 
mg. S per 
100 c.c. 

inorganic 
sulfate 
mg. S per 
hour 

Plasma Inorganic 
sulphate sulphate 
mg. S per clearance 
100 c.c. (hourly) 1 


No. 

Un- 

oorrected 

-\ 

Corrected 

dethod 

1 

59*3 

90-8 

_ 

662 

6-21 

41-1 

1-34 

30-9 

N 

2 

66-9 

113-3 

— 

656 

6-17 

33-9 

0-97 

34-8 

N 

3 

1010 

121-0 

42-2 

478 

7-31 

34-9 

0-90 

38-8 

N 

4 

120-2 

135-1 

45-0 

564 

6-48 

36-6 

1-14 

32-1 

N 

5 

119-4 

137-7 

42-1 

442 

7-87 

34-8 

1-34 

26-9 

N 

6 

100-5 

120-8 

36-0 

438 

7-48 

32-8 

1-78 

18-4 

N 

7 

100-0 

116-0 

36-0 

734 

3-98 

29-3 

1-11 

26-4 

B 

8 

109-2 

125-0 

— 

490 

8-28 

40-56 

1-18 

34-4 

B 

9 

104-6 

117-5 

— 

820 

4-35 

35-64 

1-00 

35-6 

B 

10 

110-0 

126-0 

— 

667 

4-96 

33-08 

0-905 

36-5 

B 

10 0 

116-4 

126-0 

— 

83 

40-1 

33-23 

0-88 

37-8 

B 

11 

107-0 

113-0 

— 

748 

4-24 

31-7 

1-01 

31-4 

B 

11a 

97-8 

109-6 

— 

40-6 

94-4 

38-3 

Ml 

34-6 

B 

Mean 

_ 

1192 

40-0 

_ 

_ 

_ 

113 

32-1 

— 


Note. The letters N and B in the last column indicate respectively the nephelometric and benzidine 
methods of estimating plasma sulphate. 

Corrected creatinine clearances are obtained by subtracting 0 6 mg. from the estimated plasma 
creatinine value and recalculating the ratio [see Cope, 1931 a]. 


Table III. Comparison of sulphate clearances with urea and creatinine clearances in nephritis. 


Plasma Excretion 


No. 

Maximum 

urea 

clearance 

Un¬ 

corrected 

creatinine 

clearance 

Corrected 

creatinine 

clearance 

Volume 
of urine 
per 
hour 

inorganic 
sulphate 
mg. S per 
100 c.c. 

Urinary 
sulphate 
mg. S per 
100 c.c. 

inorganic 
sulphate 
rag. S per 
hour 

Sulphate 
clearance 
(hourly) Method 

1 

21-9 

69-5 

67-3 

105 

0-525 

13-3 

14-0 

26-6 

B 

2 

35-6 

96-0 

110-0 

670 

1-87 

8-99 

41-5 

22-2 

N 

3 

_ 

69-9 

78-2 

471 

3-14 

13-96 

65-8 

20-9 

N 

4 

27-1 

29-0 

52-7 

424 

2-90 

14-15 

60-0 

20-7 

N 

5 

20-0 

69-9 

66-4 

124 

2-44 

40-3 

60-0 

20-5 

B 

6 

— 

56-8 

61-7 

296 

1-67 

11-12 

32-6 

19-6 

B 

7 

_ 

65-2 

60-1 

114 

2-47 

40-3 

45-9 

18-6 

B 

8 

_ 

74-2 

81-3 

166 

0-99 

10-0 

16-7 

16-8 

B 

9 

22-0 

39-6 

62-3 

184 

1-90 

15-4 

28-3 

14-9 

N 

10 

17-2 

41-2 

45-4 

190 

2-44 

19-06 

36-2 

14-8 

N 

11 

_ 

78-5 

88-8 

148 

0-82 

8-22 

12-2 

14-8 

B 

12 

21-3 

54-9 

62-4 

128 

1-04 

10-22 

13-1 

12-6 

B 

13 

4-47 

11-9 

12-86 

50 

6-80 

93-1 

46-5 

8-0 

N 

14 

6-53 

14-3 

17-7 

61 

6-00 

63-7 

32-6 

6-5 

N 

15 

4-07 

7-6 

8-14 

61 

8-00 

62-2 

32-0 

4-0 

B 

16 


— 

— 

26 

16-00 

151-8 » 

37-9 

2-27 

N 


In the final column the letters N and B indicate respectively the nephelometric and benzidine methods 
of estimating plasma inorganic sulphate. 


22—2 
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Discussion. 

The important point which it is desired to stress is that the value of 
the sulphate clearance in the human subject, healthy or nephritic, is 
consistently below that for the creatinine clearance, and is usually only 
about 30 p.c. of the latter. In no case has the sulphate clearance even 
approached the value for the creatinine clearance, and this remains true 
even if uncorrected creatinine clearances are considered. 

It is evident therefore, that both substances cannot be regarded as 
indices of glomerular filtration rate. 

Several alternative explanations of the difference are possible. If it 
be supposed that the creatinine clearance does indeed represent the 
glomerular filtration rate, then we must conclude either that about 
two-thirds of the plasma inorganic sulphate exists in the circulating blood 
in a non-diffusible form, or else that a similar fraction is reabsorbed in the 
tubules. The former possibility is unlikely since blood may be completely 
freed of its inorganic sulphate by dialysis through collodion. It must be 
conceded, however, that as this process takes some considerable time, the 
possibility that an indiffusible compound is gradually converted into a 
diffusible form during dialysis cannot be definitely excluded. 

The assumption that two-thirds of the sulphate filtered in the glo¬ 
meruli is reabsorbed during its passage down the tubules, also presents 
difficulties, for if it were so, it would be reasonable to suppose that the 
induction of a heavy diuresis, by affording less opportunity for reabsorp¬ 
tion, would lead to an increase in the sulphate excretion rate and so in 
the sulphate clearance. Such an increase apparently does not occur. 

Moreover, the fact reported by Mayrs [1922] and by others, that 
ureteric obstruction reduces urea excretion much more than it does that 
of sulphate, has been interpreted by holders of the filtration-reabsorption 
view as evidence that urea is more readily reabsorbed than is sulphate. 
If this conclusion be true, then the sulphate clearance should be higher 
than that for urea. For although maximal urea clearances are being con¬ 
sidered, the reabsorption theory must suppose that even from such dilute 
urines 50 p.c. or more of the filtered urea is reabsorbed, in order to account 
for the fact that the creatinine clearance is so much higher than the urea 
clearance. 

Yet in the instances here reported, the sulphate clearance tends rather 
to be lower than the urea clearance, and the experience of Sager [1930] 
in dogs would appear to be similar, for his results show sulphate clear¬ 
ances sometimes slightly below, and sometimes rather above the urea 
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clearances. Furthermore^ if we postulate such a large reabsorption of 
sulphate then it is necessary to suppose that through the tubtde cells 
sulphate escapes with ease but creatinine with extreme difl&culty, 
although into other tissues of the body creatinine is readily diffusible 
whilst sulphate only passes with great difficulty [Denis and Leche, 
1925]. 

If, however, the possibility of secretion into the lumen through the 
tubule cells be conceded, then the explanation becomes relatively simpler. 
We may now suppose that the actual glomerular filtration rate is equal 
to, or somewhat less than, the value indicated by the average sulphate 
clearance, i.e. about 3*5 litres per hour in the normal human adult. Let 
us assume that the actual glomerular filtration be only 3 litres per hour. 
This will correspond to an hourly glomerular clearance activity of 30 for 
both creatinine and sulphate. If, further, we assume that the sulphate 
from 500 c.c. of plasma and the creatinine from 9 litres of plasma are 
eliminated through the tubules, then the observed values can be ac- 
coimted for, for these figures correspond to tubular clearing activities of 
5 and 90 respectively, bringing the total clearing activity of glomeruli and 
tubules combined, i.e. of the kidneys as a whole, up to 35 and 120 re¬ 
spectively. Such a view requires a behaviour of sulphate and of creatinine 
towards the tubule cells which is similar to that shown towards other 
tissues, and consequently would appear preferable to the filtration- 
reabsorption view which necessitates relative rates of passage of these 
substances through the tubule cells which are the reverse of those through 
other tissues of the body. 

Rehberg bases his hypothesis that creatinine is filtered off, but 
neither reabsorbed nor secreted in the tubules, upon the following points 
[Holten and Rehberg, 1931]. 

(i) Its concentration ratio is higher than that of any other substance. 

(ii) The excretion rate is independent of the volume of diuresis. 

(iii) Change in osmotic pressure of the plasma proteins is associated 
with a change in rate of creatinine excretion in the same direction as 
would be anticipated if the excretory process were one of ultrafiltration 
in the glomeruli. 

Of these, the high concentration ratio and the constancy of excretion 
with changing urine volume are equally compatible with a secretory 
mechanism. The relation to plasma protein osmotic pressure, whilst 
affording evidence suggestive that some creatinine is filtered off in the 
glomeruli, cannot be taken as evidence that all the creatinine is excreted 
in this manner. 
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In a recent study of the action of cyanide on the isolated kidney, 
Bayliss and Lundsgaard [1932] observed a very marked drop in the 
creatinine clearance. Being unwilling to believe that the glomerular 
filtration rate really fell to such an extent under the influence of cyanide 
alone, these writers postulated a progressively increasing leakage of fluid 
and of creatinine outwards from the tubule lumen. Their results, how¬ 
ever, are equally compatible with the view that cyanide inhibits a creati¬ 
nine secretory mechanism in the tubules, so that at the end of the 
experiment only that fraction of the creatinine which is filtered off in the 
glomeruli appears in the urine. Whether simultaneously any reduction 
in the true filtration rate did occur in their experiments can scarcely be 
decided, but it would seem probable. 

More direct evidence pointing to a secretory elimination of creatinine 
is contained in the experiments of Edwards and Condorelli [1928] on 
the aglomerular kidneys of certain fiushes. Nor can the similarity of be¬ 
haviour of phenol red and creatinine during excretion which was shown 
by Marshall and Kolls [1919] be brought forward as suggesting a 
filtration, for although Oliver and Shevky [1929] present evidence that 
phenol red is eliminated solely by glomerular filtration, yet Hdber [1930] 
maintains that it is secreted by the tubules, and the more recent work of 
Chambers on the behaviour of tissue cultures of embryonic tubules 
suggests strongly a secretory mechanism for the dye. 

As regards the mechanism of excretion of inorganic sulphate, the 
situation is scarcely more clear. White [1923], from his experiments on 
the concentration ratios, concluded that sulphate comes in part through 
the glomeruli and in part through the tubules by secretion. Starling 
and Verney [1924] interpreted the fall in rate of excretion and in con¬ 
centration of sulphate in the urine from a kidney poisoned by cyanide, 
as evidence of an active secretory process. Such an interpretation was, 
however, based on the belief that cyanide had no effect on the volume of 
glomerular filtrate, an assumption which must be considered doubtful in 
view of the work of Hober and Mackuth [1927] and of Bayliss and 
Lundsgaard [1932]. 

Of the attempts to dissociate glomerular from tubular elimination of 
sulphate in the frog, the earlier ones of Cullis [1906] and of Atkinson, 
Clark and Menzies [1921] must be interpreted with caution in view of 
the possibility of access of the tubular perfusion fluid to the vessels of the 
glomerular system. In the experiments of Yoshida [1924], this danger 
would appear to have been lessened. Yoshida found that when sulphate 
was supplied to the glomeruli of the frog’s kidney it was well excreted and 
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concentrated, but that when applied to the tubules alone it appeared in 
the urine only in traces. More recently again, Kawasoe [1930], also 
working on frogs, has stated his conclusions that sulphate is excreted 
mainly by the glomeruli and possibly also slightly by the tubules. He 
also believed that no significant reabsorption of sulphate occurred. 

Such results as these would thus agree well with the view presented 
here that the glomerular filtration rate is equal to, or somewhat less than 
the figure indicated by the sulphate clearance. 

It seems to the writer highly desirable that this possibility should not 
be lost sight of. There is, strictly speaking, at present no real justification 
for supposing that the creatinine clearance is a more reliable index of 
glomerular filtration than is the sulphate clearance. There has of more 
recent years been a tendency to forget that Rehberg’s suggestion was 
admittedly no more than a hypothesis based on an assumption concerning 
the behaviour of creatinine in the kidney. The rival claims of sulphate as 
a filtration index would seem to be at least equally strong. Possibly 
neither is a true index. 

Whilst this work was being prepared for the press, there appeared a 
report of similar work arising from the same line of thought by Hay man 
and Johnston [1932]. Using a different method of estimating plasma 
sulphate, they obtain essentially the same results. They find the con¬ 
centration ratio for inorganic sulphate much below that for creatinine, 
and in most cases also below that for urea. With such results those pre¬ 
sented here are in complete agreement. These workers interpret their 
findings as evidence of back diffusion in the tubules, a conclusion which, 
as pointed out above, the present writer considers the less likely pos¬ 
sibility. 


Summary. 

The excretory activity for inorganic sulphate of the human kidney, 
either healthy or nephritic, is only about one-third of that for creatinine. 

Calculations of the glomerular filtration rate based on the excretion 
of inorganic sulphate thus give a value only about one-third of that 
indicated by the excretion of creatinine. 

The theoretical consequences of this fact are considered. 


This work was done under the tenure of a Beit Memorial Fellowship for Medical 
Besearoh, and constitutes part of that submitted in a Thesis for the degree of Doctor of 
Medicine in the Unirersity of Oxford in 1931* 
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A STUDY OF THE INFLUENCE OF ADRENALINE 
ON THE SYSTEMIC BLOOD FLOW. 

By henry BARCROFT, 

Harmsworth Scholar, St Mary's Hospital, London, 

{From the Physiological Laboratory, Cambridge,) 

The object of this paper is twofold. Firstly to describe the changes in the 
systemic flow in dogs after the injection of adrenaline. Secondly to 
demonstrate certain phenomena which adrenaline brings about. 

The systemic output has been measured with a mechanical stromuhr. 
This instrument has allowed a more complete study of the systemic flow 
under the influence of adrenaline than has been hitherto undertaken. The 
instrument and the accuracy of its readings have been fully described in 
a previous paper [Barcroft, 1929]. 

I. A description of the changes in the systemic flow 
observed after adrenaline injection. 

Ten separate experiments have been performed. Each dog weighed 
approximately 10 kg. The operative procedure necessary for diverting the 
systemic flow through the mechanical stromuhr is fully described else¬ 
where [Barcrof t, 1931 a\ The preparation is shown diagrammatically in 
Fig. 1 a. The position of the stromuhr and of the injections of adrenaline 
are indicated. The injections were made either intravenously or into the 
aorta peripheral to the coronary arteries but central to all other branches. 
Each injection contained from 0*05 to 0*1 mg. of adrenaline. The action 
of adrenaline on the vascular system was studied after section of the 
vagi. In some experiments the brain was destroyed by temporary ob¬ 
struction of its blood supply; this did not affect the variations in the 
systemic flow seen after adrenaline. 

Figs. 2, 3,4 and 6 show variations in the systemic flow, arterial blood- 
pressure and heart rate in response to adrenaline. They illustrate the 
following: • 

(1) Pigs. 2 and 3 are drawn from data supplied by one experiment. 
They show that whether the adrenaline was injected intravenously or 
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into the aorta the systemic flow varied, but was not much increased or 
decreased. 

(2) Figs. 4 and 6 are drawn from data supplied by another experi¬ 
ment. They show that whether the adrenaline was injected intravenously 
or into the aorta the systemic flow varied and was greatly increased. 


R C R 



F>g. 1. 


a. Diagram of animars vascular system; Ay brachiocephalic artery; B, thoracic aorta; 
D, superior vena cava; E, inferior vena cava; F represents the position of the stromuhr; 
F represents the position of the aortic injections of adrenaline; F represents the point 
at which the screw clamp was applied; E represents the position of the injections of 
adrenaline into the femoral vein. 

h. Diagram of the cardio-pulmonary system attached to the artificial peripheral vascular 
system: A, tube representing the brachiocephalic artery; B, tube representing the 
thoracic aorta; D, tube representing the superior vena cava; E, tube representing the 
inferior vena cava; B, resistance; ( 7 , extensible part of peripheral vascular system; 
F represents the position of the stromuhr. 

In most experiments adrenaline did not greatly increase the output, 
but all grades between the two extremes illustrated have been observed. 
In Figs. 4 and 5 the initial blood-pressure is seen to have been very low, 
but a large increase in the systemic flow has been seen in animals with a 
normal blood-pressure. 
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The curves also show: 

(3) The systeioic flow is at first increased by intravenous injections. 
This increase is coincident with a rise in the heart rate and in the arterial 
blood-pressure (Figs. 2,4). 



Fig. 2. Dog. Brain destroyed. The arrows mark times at which intravenous injections 
of adrenaline were made. 


(4) The systemic flow is at first decreased by the aortic injections. 
This decrease accompanies the initial rise in the arterial blood-pressure. 
The above effects were found in all tjrpical experiments. 

Further experiments of a different nature have provided some ex¬ 
planation for the above changes in the systemic flow. 
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II. The influence of adrenaline on the cardio-ptdmonary system 
causing increase in systemic flow. 

To observe how the action of adrenaline upon the cardio-pulmonary 
system affected the systemic flow, the masking effect of its action on the 
peripheral vascular system had to be eliminated. This was done by using 
a preparation in which an artificial peripheral vascular system replaced 



Fig. 3. Dog. Brain destroyed. The arrows mark times at which adrenaline was 
injected into the aorta. 

the animaFs peripheral vascular system. The preparation is fully de¬ 
scribed in a previous paper [Barcroft, 19316] and is diagrammatically 
shown in Fig. 1 6. 

The following typical result has been obtained. Fig. 6 I shows that 
the flow round the artificial peripheral vascular system was greatly in¬ 
creased by adrenaline. 

The conclusion drawn from this experiment is that, in the animal, the 
action of adrenaline on the cardio-pulmonary system tends to increase 
the systemic flow in qualitatively the same manner as shown in Fig. 6 I. 
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III. The influence of adrenaline upon the peripheral resistance 
causing decrease in systemic flow. 

The fact that adrenaline causes increase in the arteriole tone and in 
the peripheral resistance is well known. 

To imitate this action a screw clamp was placed in position round the 
animal’s aorta at the point F shown in Fig. 1 o. Increase in the peripheral 



Fig. 4. Dog. Brain destroyed. The arrows mark times at which intravenous injections 

of adrenaline were mode. 

resistance was effected by partially tightening the screw, thereby partially 
occluding the aorta. Typically increase in the peripheral resistance always 
decreased the systemic flow. Fig. 6 II shows that in one instance increase 
in the peripheral resistance caused the arterial blood-pressure to rise from 
140 to 180 mm. of mercury. The systemic flow dropped from 800 c.c. to 
680 c.c. per minute and remained constant till the occlusion was removed 
40 seconds later. 
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The conclusion drawn from this experiment is that, in the animal, the 
action of adrenaline causing increase in the peripheral resistance tends to 
decrease the systemic flow. 

IV. Explanation of variations in the animaVs systemic 
flow due to adrenaline. 

In Fig. 7 I, III, the blackened areas have been drawn to represent a 
hypothetical example of the extent and duration of the increased systemic 
output caused by the action of adrenaline upon the cardio-pulmonary 
system. 



Fig. 5. Dog. Brain destroyed. The arrows mark times at which adrenaline was 
injected into the aorta. 

The shaded areas represent a hypothetical example of the extent and 
duration of the influence of adrenaline upon the peripheral resistance. 

Diagram I is an imaginary illustration of the course of events after an 
injection of adrenaline into the aorta. The influence of adrenaline upon 
the peripheral resistance precedes its influence upon the cardio-pulmonary 
system. In diagram II the algebraic sum of these changes in the flow has 
been plotted. The shape of the curve is essentially the same as that of the 
curves obtained for the aortic injections in the animal (Figs. 3, 6). 
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Diagram III is an imaginary illustration of the coarse of events after 
the intravenous injection of adrenaline. The influence of the adrenaline 
upon the cardio-pulmonary system precedes its influence upon the peri- 



I. Preparation embodying artificial peripheral vascular system. The arrow shows time 
at which adrenaline was injected into the artificial peripheral vascular system. 

II. Animal, lluring the time between the arrows the systemic flow was partially obstructed. 

pheral resistance. In diagram IV the algebraic sum of these changes has 
been plotted. The shape of the curve is essentially the same as the shape of 
the curves obtained after intravenous injections in the animal (Figs. 2,4). 
Differences in the extent and duration of the influence of adrenaline 






346 


H. BARCROFT. 


upon the peripheral resistance and upon the cardio-pulmonaiy system in. 
different animals appear to be responsible for determining the extent to 
which the output is affected. Further experiment may establish addi¬ 
tional factors by which adrenaline can influence the systemic output, and 
may lead to an amplification of the present explanation of its action. 



j_I_i..I_I-1-1-1-L 

Units of time 


Fig. 7. 

Summary. 

1. The influence of adrenaline upon the systemic output has been studied 
in dogs. The mechanical stromuhr was used to record the systemic flow. 

2. In some animals the systemic output is not much increased or de¬ 
creased, in others it is considerably increased. 

3. Evidence is brought forward to show that the influence of adrenal¬ 
ine upon the peripheral resistance tendp to decrease the systemic flow. 

4. Evidence is brought forward to show that the influence of adrenal¬ 
ine upon the cardio-pulmonary system tends to increase the systemic flow. 

5. The variable results of adrenaline injections appear to be due to 
variations in the extent of its influence upon the peripheral resistance and 
upon the cardio-pulmonary system. 


I am very grateful to Prof. 6. V. A nr ep for suggesting the subject 
of this research. 
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THE ACTION OF HISTAMINE ON THE 
RESPIRATORY TRACT. 

By DAVID EPSTEIN. 

(From the Department of Pharmacologyy University of Cape Town,) 

Dale and Laidlaw [1910] have shown that injections of histamine pro¬ 
duce effects which closely resemble those seen in anaphylactic shock and 
asthmatic attacks. One of the chief symptoms is obstruction of the 
respiratory passages, and this is usually attributed to constriction of the 
bronchi or bronchioles. The obstruction occurs in varpng degree in most 
animals, and in the guinea-pig it is so marked a feature as to cause death 
from asphyxia, the lungs at post-mortem being usually found greatly 
distended. 

While working in the laboratory of Prof. J. A. Gunn at Oxford the 
author [Epstein, Gunn and Virden, 1932] evolved a modification of 
Trendelenburg’s method of recording isolated rings of bronchi [Tren¬ 
delenburg, 1912]. These preparations responded to most autonomic 
drugs in the same way as the plain muscle of the intestine. Histamine, 
hoAvever, failed to cause constriction of the bronchial rings of the cat and 
under certain conditions actually produced relaxation. 

In view of this apparently conflicting evidence of the action of hista¬ 
mine on the bronchi it was decided to carry out a detailed investigation 
into the action of the drug on the respiratory passages. Since the re¬ 
sponses to peptone more closely resemble the symptoms of anaphylactic 
shock and asthma than those produced by histamine, some experiments 
have also been performed with this drug. A preparation of peptone manu¬ 
factured by Morson and Son was employed. Most of the work has been 
carried out on cats and guinea-pigs, but a few experiments have also been 
done on rabbits. Freshly prepared solutions of ergamine acid phosphate 
(B.W. and Co.) were used in the experiments and the doses refer to thia 
salt, e,g. ‘‘ 1 mg. of histamine ” means 1 mg. of this jffeparation. 
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Experimental methods and results. 

I. Lung volume records. 

The lung volume changes in the cat were recorded by means of sternal- 
and limg-shields as described by Jackson [1913,1914,1917]. Voluntary 
respiration was abolished by destroying the medulla by plunging a sharp 
instrument through the atlanto-occipital membrane and plugging the 
wound immediately afterwards with cotton-wool, (Previously both vagi 
had been cut and both carotid arteries ligatured under ether.) Artificial 
respiration was immediately started. 



Fnornr 6WD 

Fig. 1, Lung-shield (after Jackson) with a metal side tube for connecting 
to a tambour. (See text.) 


The sternal-shield method of registering the lung volume changes re¬ 
quires very little manipulation, but unfortunately the records are com¬ 
plicated by the volume changes of the heart. The lung-shield method, 
however, gives good results provided it is carefully placed in position so 
as not to damage or compress the vessels at the root of the lung. When the 
shield is in position Jackson records the lung changes by making another 
opening in the chest wall, through which is passed a tube connected to a 
tambour. The latter step was obviated by soldering a hollow metal tube 
to the shield at the junction of the mediastinal and diaphragmatic sur¬ 
faces close to the anterior border (Pig. 1). The tube (bent at right angles) 
projected through the original incision in the chest wall and was con¬ 
nected by a rubber tube to a tambour. The metal tube was clamped to a 
stand to keep the shield in the desired position. Positive pump pressure 
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was used to inflate the lungs, the pump having been connected to a 
cannula in the trachea. 

Intravenous injections of histamine caused a definite diminution in 
the lung volume with doses of 0-1 mg. per kg. But even with much larger 
doses it was often impossible to cause complete occlusion. For example, in 
Pig. 2 a dose of 6 mg. per kg. of histamine caused a marked but incomplete 
obstruction which was sufficient, however, to bring on symptoms of 



Fig. 2. Oat. Brain pithed. Lung volume. Shows marked but incomplete obstruction of air 
passages alter 5 mg. per kg. histamine. Areooline (0*25 mg. per kg.) produced complete 
air obstruction, which was partially abolished by atropine. * 

asphyxia, a fatal termination being prevented by mechanically dilating 
the bronchi. In contrast with these results complete diminution of volume 
could easily be produced by small injections of arecoline (Fig. 2). 

Changes in limg volume similar to those in the cat were produced in 
pithed rabbits. It was found that the blood-pressure of these animals, 
however, was not well maintained. 

Guinea-pigs were given doses of paraldehyde (2 c*c. or more per kg.) 
intraperitoneally in order to paralyse the respiratory centre. The lung 
volume was recorded by simply making a small incision in the chest wall 

23—2 
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So that a thistle funnel could be squeezed in. The aperture was then 
rendered airtight and the tube connected to a tambour. The injections 
of histamine produced powerful effects, even such small doses as 0*01 mg. 
per kg. sometimes causing complete obstruction to the exchange of air in 
the lungs (Fig. 3). In one experiment, in which voluntary respiration had 
been abolished by paraldehyde, histamine caused the onset of inspiratory 
movements, as if the drug had stimulated the respiration. 
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Fig. 3. Guinea-pig. Respiratory centre paralysed by paraldehyde. Shows complete air 
obstruction after 0-1 mg. per kg. histamine. Repeated injections of adrenaline failed 
to relieve the effect and animal died of asphyxia. 

From the experiments described above it is seen that histamine causes 
obstruction to the passage of air into or out of the lungs of the cat, rabbit 
and guinea-pig. The guinea-pig is much more susceptible than the cat or 
rabbit, small doses sufficing to cause complete obstruction. In the cat 
large doses also cause a certain degree of occlusion, but even very large 
doses often fail to produce complete obstruction. These results are in 
close agreement with the findings of Dale and Laidlaw [1910]. Similar 
effects were seen with peptone, e.g, 0*1 gm. of peptone per kg. also pro¬ 
duced partial occlusion of the air passages of a cat. 

The obstruction in the respiratory tract described above is usually 
attributed to constriction of the bronchi or bronchioles. The lung volume 
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records, as obtained above, however, are complicated by circulatory 
changes in the lungs under observation, and these pulmonary vascular 
changes may be important factors in causing obstruction in the re¬ 
spiratory passages. In order to determine the relative importance of (1) 
the vascular changes in the lung, and (2) the direct action of the drugs on 
the bronchi, in causing obstruction in the respiratory passages, further 
experiments were carried out. 

11. Isolated rings of trachea or bronchi. 

Trendelenburg [1912] introduced the method of investigating the 
direct reactions of the bronchi by means of the isolated bronchial ring 
preparation. He employed the bronchi of the ox, carefully dissecting 
away the cartilage and suspending the remaining plain muscle in a bath 
of Ringer’s solution warmed to body temperature. The lever had to be 
weighted fairly heavily to remove the marked degree of tone usually 
present in the muscle. Macht and Ting [1921] carried out a series of 
investigations on the bronchi of the pig, following the procedure of 
Trendelenburg very closely. Titone [1913] investigated the isolated 
bronchi of the calf, sheep, pig and dog, merely suspending the rings with¬ 
out previously dissecting away the cartilage as described by Trendelen¬ 
burg. The excessive tone, however, had again to be abolished by weight¬ 
ing. Go 11a and Symes [1913] investigated an isolated muscle strip of 
the cat’s trachea, although they showed no tracings of these experiments. 
Franklin [1926] used an isolated ring of a sheep. 

In the present investigation a number of isolated rings of the trachea 
or bronchi have been strung together side by side like the wheels of a 
tandem bicycle. According to the diameter of the rings it has been usual 
to employ from 7 to 14 rings, which together with a lever magnification 
of 12 to 16 times has magnified the reactions of each ring approximately 
100 to 200 times. Using this method the author has been able to record 
isolated rings of the trachea or bronchi of the cat, rabbit and guinea-pig. 

After the animal had been killed by a blow on the back of the neck 
and bled by severing the vessels in the neck, the trachea was carefully 
dissected out and cut into sections to give rings of various widths. In the 
cat the diameter of the trachea was usually 6 to 10 mm., and fairly wide 
rings were cut, e.g. about 6 mm. In the case of the guinea-pig, however, 
the diameter of the trachea was very much smaller (about 3 to 4 mm,), 
and so rings having a width of about 3 to 4 mm. il^ere used. Also, the 
bronchi as they passed into the lungs were carefully dissected out. These 
tubes which had an average diameter of about 1-6 mm. were carefully 
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cleaned of all lung tissue, cut into sections of about 3 mm. wide and then 
strung together tandem fashion, using a needle and thread. 

When the rings of trachea or bronchi were tied together the string was 
made to encircle the cartilaginous portions of the rings, when possible, 
so as to avoid tearing the intercartilaginous strips of plain muscle. 

The preparations were then suspended in a bath of Einger’s solution 
maintained at 37® C., one end being fixed to a glass rod and the other end 
attached to a lever by means of a thread. Air was bubbled through the 
Ringer’s solution (NaCl 0*9 p.c., KCl 0*042 p.c., CaClj 0*022 p.c., and 
NaHC 03 0*02 p.c.) at a constant rate. In contrast with the methods of 
Trendelenburg and Macht, in which heavy weighting of the lever 
was necessary to overcome the excessive tone of the preparations, in the 
present method very lightly balanced levers were required. The rings 
have never shown spontaneous movements when set up in Ringer’s 
solution, but the addition of certain drugs has sometimes produced 
irregular rhythmic movements. These effects, together with the responses 
of the rings to other drugs, wrill be described in another paper. 

It was found that the ring preparations were normally fully relaxed, 
so that the actions of broncho-constrictor drugs could be studied by 
merely adding the drugs to the baths containing the preparations. Con¬ 
striction of the rings had first to be produced, however, before any effect 
could usually be obtained with broncho-dilator drugs. To obtain the pre¬ 
liminary constriction in these cases it was found that arecoline and acetyl 
choline were both suitable, because their dosage could be graded to give 
effects which were quite definite but which would not mask the relaxing 
effects of broncho-dilator substances when given subsequently in suf¬ 
ficient concentration. When at rest the preparation usually gave horizontal 
straight lines, so that the action of constrictor drugs could be easily seen. 
When the effects of various drugs had been produced the record again 
usually consisted of a horizontal line, so that the actions of additional 
substances were again fairly obvious. 

(a) Using ring preparations of the cat’s trachea or intra- 
pulmonary bronchi it was found that constriction was produced by 
the parasympathetic group of drugs, and relaxation by the sympathetic 
group [Epstein, Gunn and Virden, 1932]. Histamine acid phosphate, 
however, failed to constrict the rings when given in concentrations 
ranging from 1 in 1,000,000 to 1 in 13,000. In Fig. 4 the concentration 
has gradually been increased, but each concentration has been tried on 
previously untreated preparations in other experiments (Fig. 5). 

In the course of the investigation it was found that after histamine 
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arecoline often failed to constrict the rings in concentrations which had 
been active when given previons to the histamine (Fig. 5). The action of 



Fig. 4. Reduced to { of original size. Cat. Isolated tracheal rings (7). Concentrations of 
histamine (1 in 1 million; 1 in 300,000; 1 in 100,000 and 1 in 13,000) all had no effect 
on the fully relaxed preparation. Arecoline (1 in 1 million) however produced a powerful 
contraction. 



Fig. 5. Reduced to Cat. Isolated tracheal rings (8). Histamine (1 in 100,000) had no 
apparent effect on the fully relaxed preparation. Arecoline in a concentration of 1 in 
8 million failed to have any effect in the presence of histamine (compare with the effect 
shown later in the figure when histamine has been washed out); but increasing the con¬ 
centration to 1 in 2 million caused a powerful contraction. Replacing the solution with 
Locke’s solution (twice) caused the rings to relax gradually. The rings were now con¬ 
stricted by arecoline in concentrations of 1 in 20 million and I in 10 million. Histamine 
(1 in 100,000) produced a marked relaxation of the contracted rings, and adrenaline 
(1 in 3 million) caused a further relaxation. 


histamine was therefore tested after the constrictibn produced by weak 
concentrations of arecoline or acetyl choline. Under these conditions 
histamine often produced relaxation of the cat’s tracheal or bronchial 
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rings (Figs. 6 and 6). The arecoline and acetyl choline contraction was 
only partially abolished by histamine, and stronger concentrations of 
arecoline or acetyl choline were able to cause a further degree of con¬ 
striction. It may be claimed that the relaxation seen with histamine is 



Fig. 6. Reduced to J. Cat. Tracheal rings (7). Contraction with acetyl choline (1 in 12 
million) and relaxation with histamine (1 in 100,000). Further relaxation on replacing 
solution with Ringer's fluid. 



Fig. 7. Reduced to Cat. Intrapulmonary bronchi (12 rings). Histamine in a strength of 
1 in 1 million had no effect; 1 in 100,000 produced a slight relaxation; 1 in 15,000 had 
no effect. Arecoline (1 in 400,000) caused a contraction, which gradually passed off when 
replaced by fresh Ringer's solution (L.S. 2). Time in 10 seconds. The time signal was 
lowered at X. 

due to the drug having a weak atropine-like effect and being able in 
certain proportions to abolish the effects of parasympathetic drugs like 
arecoline. However, in two experiments when the untreated rings were 
apparently not fully relaxed and still retained a slight degree of tone, 
concentrations of histamine of 1 in 100,000 or stronger produced a slight 
relaxation (Fig. 7). Further experiments were also carried out with 
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barium chloride. The constriction produced by barium was usually com¬ 
plicated by the occurrence of irregular rhythmic waves, so that the effects 
of subsequent drugs were sometimes difficult to interpret. It was found, 
however, that if given in strong concentrations, e.g. 1 in 10,000, histamine 



Fig. 8. Same experiment as in Fig. 7. Peptone in concentrations of 1 in 1 million; 1 in 
100,000 and 1 in 20,000 had no effect on the fully relaxed rings. Arecoline (1 in 400,000) 
caused contraction, adrenaline (1 in 500,000) produced relaxation and atropine (1 in 
1 million) produced a further lowering of tone to normal. 



Fig. 9. Reduced to J. Guinea-pig. Isolated tracheal rings (8). Arecoline (1 in 1 million) 
caused a contraction, which was unaffected by washing out with Ringer's solution 
(L.S.). Adrenaline (1 in 2 million) produced relaxation. Drugs washed out and replaced 
by fresh Ringer(L.S.). Lever raised. At C 0*5 c.c. of Ringer's solution was added to the 
bath. This was repeated but no effect was produced in either case. These served as 
controls. At H histamine was added to give a concentration of 1 in 300,000. This caused 
constriction of the rings, which disappeared on washing out with fresh Ringer (L.S.). 

sometimes produced a weak relaxation after barium, or abolished the 
rhythmic waves. Under these conditions the strong concentrations of 
histamine occasionally gave a preliminary transient weak contraction 
before showing the slight degree of relaxation. 

Peptone in concentrations of 1 in 1 million to 1 m 20,000 also failed 
to contract the cat’s bronchi (Fig. 8), and the strong concentrations re¬ 
laxed the tissue if previously constricted with arecoline. 








366 


D. EPSTEIN. 


(b) With the tracheal rings of the rabbit histamine again failed 
to cause constriction when given in concentrations of 1 in 4 million to 
1 in 200,000. Histamine occasionally produced relaxation after the con¬ 
traction caused by other drugs. 

(c) In contrast with the results in the cat and rabbit it was found that 
the tracheal rings of the guinea-pig were constricted by histamine* 
Concentrations of 1 in 1,000,000 to 1 in 76,000 were used (Figs. 9 and 10). 
In one experiment performed on rings of the bronchi the effects were 
poor, but a weak constriction was again obtained with histamine. 

In connection with these results it is of interest to note that Tren¬ 


delenburg [1912] failed to obtain any 
effect with histamine on the isolated 
bronchi of the ox, Macht and Ting 
[1921] described contraction of the iso¬ 
lated bronchi of the pig, Titone [1913], 
working with bronchial rings of the calf, 
sheep, pig and dog, also recorded con¬ 
centrations with histamine, but Golla 
and Symes [1913] obtained no effect on 
the trachea of the cat. 

(i) From the results obtained above it 
would appear that the obstruction of the 
respiratory passages, that occurs in the 
guinea-pig after histamine, is due to a 
direct stimulant action of the drug on the 
musculature of the respiratory tract. As 
shown above, constriction of the trachea 


Fig. 10. Reduced to J. Guinea-pig. 
Tracheal rings (7). At A histamine 
(1 in 1 million) caused constriction. 
At B increasing the concentration 
to 1 in 300,000 produced a further 
constriction. At C tyramine acid 
phosphate (1 in 100,000) caused an 
insignificant degree of relaxation. 
At D adrenaline (1 in 1 million) 
caused complete relaxation. 


and bronchi appears to take a definite part in this action, and probably 


constriction of the bronchioles also occurs. 


(ii) On the other hand, although it has been shown that histamine 
also causes obstruction of the respiratory passages of the cat [Dale and 
Laidlaw, 1910, and others—see also Section I], the experiments de¬ 
scribed above indicate that this drug does not cause contraction of the 
trachea and intrapulmonary bronchi but may actually relax these struc¬ 
tures. The obstruction of the respiratory tract in the cat with histamine 
must therefore be due to a direct constriction of the bronchioles by the 
drug, or it is possible that the changes in pulmonary circulation that 
occur with histamine cause a mechanical compression of the respiratory 
tubes. In order to decide these points some experiments were performed 
with histamine on the pulmonary circulation of the cat. 





RESPIRATORY ACTION OF HISTAMINE. 


367 


III, Pulmomry circulation. 

Dale and Laidla w [1910] showed that histamine caused a fall in the 
systemic blood-pressure in the cat, but produced a marked rise in the 
pulmonary blood-pressure, the latter effect being attributed to constric¬ 
tion of the pulmonary arterioles. Dixon and Hoyle [1930] claimed that 
histamine produced “congestion of the whole pulmonary circulation,” 
for they found that there was an increase in the blood volume in the limg 
and an increased blood flow through the lung, these changes leading to a 
rise in pulmonary pressure. 

Other investigators have shown that vascular congestion of the 
lungs produces obstruction of the respiratory passages. Drinker and 
Agassiz [1926] produced congestion of the pulmonary circulation by 
clamping the pulmonary veins of the cat. This caused a reduction in the 
amoimt of air that could be pumped into the lung, but the condition re¬ 
turned to normal again when the vein clamp was removed, showing that 
the changes had not been due to the formation of oedema in the lungs. 
They concluded that the obstruction to air entrance produced by pul¬ 
monary vascular congestion was “feeble in the normal non-oedematous 
and non-fibrotic lung tissue of the cat.” By taking measurements on 
some of the graphs in this paper the author found that the reduction in 
the amount of air passing into the lungs never exceeded 26 p.c. of the 
total even during the severest degrees of pulmonary congestion. 

Hanzlik [1925] clamped the pulmonary veins of the guinea-pig and 
found that the cast obtained by pouring celloidin into the trachea and 
bronchi of the excised lungs was markedly reduced, indicating that 
obstruction of the respiratory passages had occurred, presumably by 
vascular compression of the bronchioles. 

To determine the part played by the pulmonary vascular congestion 
seen with histamine in causing obstruction of the air passages, simul¬ 
taneous records of the pulmonary blood-pressure and the lung volume 
were taken in cats. The animals were anaesthetized with intraperitoneal 
injections of paraldehyde, a dose sufficient to paralyse the respiratory 
centre (usually about 2 to 2’5 c.c. per kg.) being used. Artificial respira¬ 
tion was carried on by a pump attached to the trachea, positive pressure 
being again employed. The volume of one of the lower lobes of the right 
lung was recorded by cutting away the ribs on the right side of the chest 
and enclosing the lobe in an oncometer after the mftnner of Dixon and 
Brodie [1903]. The oncometer used in the present experiments consisted 
merely of a wide glass cylinder with a narrow, oval-shaped orifice at one 



368 


D. EPSTEIN. 


end, the other end being tightly corked; a tube passing through the cork 
connected the apparatus with a tambour. As shown by Dixon and 
Brodie, handling of the lung produces a collapsed organ which fails to 
distend adequately under pump pressure. It was found that by placing 
the oval-shaped orifice of the oncometer in contact with the lung and 
applying suction at the other end of the apparatus, the lung could be 
sucked into position in the oncometer with the least possible damage. 
The oval-shaped orifice was then rendered airtight by blocking it with 
vaseline or by clamping the apparatus at an angle fairly tightly into the 
chest cavity. The pulmonary blood-pressure was recorded at the same 
time by placing a cannula into the branch of the pulmonary artery sup¬ 
plying the middle lobe of the left lung, half-saturated sodium sulphate 
being used in the manometer. The systemic blood-pressure was recorded 
by means of a cannula in the left carotid artery and the drugs were in¬ 
jected slowly into the right femoral vein. 

Fig. 11 illustrates the results of such an experiment. The injection of 
0*2 mg. per kg. of histamine caused a marked rise in pulmonary blood- 
pressure (75 mm.) and a fall in systemic blood-pressure. The lung volume 
was at the same time diminished, indicating that marked obstruction had 
occurred in the respiratory passages. The respiratory obstruction com¬ 
menced about 10 seconds after the beginning of the rise in pulmonary 
blood-pressure and both reached a maximum about the same time. The 
pulmonary pressure returned to normal after 78 seconds, but at this time 
marked obstruction of the air passages was still present, the record show¬ 
ing a 50 p.c. reduction in the amount of air that could be pumped into 
the lung. The lung volume returned to normal only after 4 minutes. These 
results show that the obstruction of the air passages produced by hista¬ 
mine can persist long after the congestion of the pulmonary circulation 
has passed off. 

It was also found that after repeated injections of histamine both the 
systemic and pulmonary blood-pressures usually gave very feeble re¬ 
sponses with the drug, but that marked obstruction of the air passages 
could still be produced at each injection of the substance (Fig. 12). These 
results indicate that histamine is able to cause obstruction of the air 
passages in the cat quite independently of any changes produced in the 
pulmonary circulation. 

There was still the possibility that the pulmonary vascular congestion 
served as an accessory factor in producing the air obstruction seen with 
histamine. However, it was noted that the degree of air obstruction pro¬ 
duced by the same doses of histamine was the same, whether there had 
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Fig. IL Cat. The injection of 0*2 mg. per kg. of histamine produced a diminution of lung 
volume (upper record), a rise in pulmonary pressure (middle record) and a fall in 
systemic pressure (lower record). (See text.) Time in seoon<iB. 
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been a marked rise in pubnonary pressure or whether (later on in the same 
experiment) the change in pulmonary pressure had been negligible. Thus 
in Fig. 12 an injection of 0*1 mg. per kg. of histamine produced an air 


obstruction of 36 p.c. although the rise 
in pulmonary pressure was only 6 mm. ; 
while the same dose of histamine given 
earlier in this experiment produced the 
same degree of air obstruction but the 
rise in pulmonary pressure was 26 mm. 
Again, in another experiment an injection 
of 0'06 mg. per kg. of histamine caused a 
rise in pulmonary pressure of 36 mm. of 
half-saturated sodium sulphate solution, 
and there was a reduction in the passage 
of air of only 7 p.c. Later on in the ex¬ 
periment the same degree of air obstruc¬ 
tion occurred with this dose of histamine, 
but there was a rise in pulmonary pres¬ 
sure of only 8 mm. These experiments 
suggest that any accessory value that the 
pulmonary vascular changes may have in 
increasing the air obstruction seen with 
histamine is probably insignificant. 

Dale and Laidla w[1910] claim that 
histamine increases the bronchial secre¬ 
tion and this might tend to cause some 
obstruction of the respiratory tract, which 
would persist until the passages had again 
been cleared. In many of the experi¬ 
ments, however, the lung volume records 
showed that the obstruction of the air 
passages passed off completely if the 



Fig. 12. Same experiment as in Fig. 11 
after repeated injections of hista¬ 
mine. Shows that a further injection 
of histamine (0*1 mg. per kg.) has a 
negligible effect on the pulmonary 
blood-pressure, but is still able to pro¬ 
duce a diminution of lung volume. 


doses of histamine had been small and had not been repeated too 
frequently, indicating that any increase in bronchial secretion played a 
relatively unimportant part in causing respiratory obstruction. 

Sometimes with large frequently repeated doses, however, the ob¬ 
struction passed off only partially, even if atropine had been previously 
given to prevent any possible increase in bronchial secretion. The per¬ 
sistence of the obstruction in these cases may perhaps be partly explained 
by assuming that a certain amount of oedema of the lungs had occurred 
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aB a result of the repeated pulmonary vascular congestion, and that this 
was causing a partial mechanical obstruction of the respiratory passages. 
It is also possible that an angioneurotic cedema of the respiratory mucous 
membrane, and especially of that portion lining the bronchioles, may be 
the cause of air obstruction seen with histamine. However, if such were 
the case, one would expect the obstruction to persist for some considerable 
time, whereas it has been shown that with small doses of histamine the 
condition often passes off completely fairly soon. In the more persistent 
air obstruction seen after large frequently repeated doses of histamine it 
is possible that this condition may be present and serve as an accessory 
factor. 

From the experiments described in this section it has been shown that 
histamine can cause obstruction of the respiratory passages of the cat 
quite independently of any changes in the pulmonary circulation and of 
changes in the amount of bronchial secretion. While the accessory value 
of the pulmonary vascular congestion in increasing the obstruction is in¬ 
significant, it is possible that this congestion when frequently produced 
may in certain cases be followed by some pulmonary oedema, which may 
mechanically impede to some extent the passage of air through the re¬ 
spiratory passages. It is also possible that increased bronchial secretion 
produced by histamine may in certain cases serve mechanically as an 
accessory factor in increasing the air obstruction. 

IV. Perfusion of the lungs through the respiratory passages. 

Baehr and Pick [1913] and McDowall and Thornton [1930] have 
investigated the responses of bronchi by perfusing drugs through the 
pulmonary vessels. To eliminate any possible vascular effects a method 
of direct perfusion of the drugs through the respiratory passages, based 
on the method described by Sollmann and von Oettingen [1928], was 
employed in the present investigation. 

The animals were killed by a blow on the back of the neck and bled 
by severing the vessels in the neck. The lungs and trachea were excised 
intact, placed in a large dish of Ringer’s solution and gently massaged 
until as much air as possible had been squeezed out. Both limgs of the 
guinea-pig were perfused by tying a cannula into the trachea just above 
its bifurcation; in cats only one lung was perfused, the cannula being tied 
into the main bronchus. The preparations were now connected to the per¬ 
fusing apparatus (Pig. 13) and sufficient Ringer’s fluid allowed to flow in 
to distend the lungs slightly. The lungs were massaged again to squeeze 
out any remaining air, the bubbles being allowed to escape through a side 
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tube just above the cannula. The side tube was then closed and sufficient 
Ringer’s solution allowed to run in to distend the lungs moderately. 
A number of shallow punctures was made with a needle through the sur¬ 
face of the lungs, especially in the neighbourhood of the borders of the 
lungs. The fluid was thus able to pass through the trachea, bronchi and 
bronchioles, and escape through the punctured alveoli. The height of the 
Mariotte bottle was arranged so that the pressure of fluid was just suf¬ 
ficient to distend the lungs to about their normal size. In the case of the 



Fig. 13. Showing arrangement of apparatus used for perfusing the respiratory passages. 
A — Gunn’s siphon-recorder; =lung8 with threads attached so that fluid collects in 
funnel; G^Gunn’s warming jacket; ^=Mariotte l)ottle containing Ringer’s solution; 
and jF’ = bottle with a definite concentration of drug to be investigated. The rubber 
tubes connecting E and F to C should be of equal length and should be relatively 
shorter than shown. The heights of the bottles should be as indicated in the text. 

cat it was found that the lower end of the tube in the Mariotte bottle 
should be about the same level as the tip of the cannula in the bronchus. 
The lowest point of the dependent lung was usually about 6 cm. below 
the cannula tip, so that the perfusion height in these cases was about 
6 cm. Under these conditions excellent results were obtained, but if the 
perfusion pressure was increased the lungs became over-distended and 
even strong concentrations of arecoline, etc., had no appreciable effect. 
In guinea-pigs, however, it was found that greater perfusion heights could 
be used, e.g. good results were obtained with a total height of 16 cm. 
Sollmann and von Oettingen measured the inflow by counting or 
recording the air bubbles entering the Mariotte bottle. In the present 
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experiments it was found more convenient to measure the outflow, and 
tj^ical results could be obtained even after the preparation had been up 
for to 2 hours. The outflow was recorded by Gunn’s siphonometer 
[Gunn, 1913 6]. To collect the fluid from such a large surface as the cat’s 
lung a wide funnel could be used on the siphon-recorder or by attaching 
threads to the projecting lowest points of the lung the fluid could be made 
to collect in the mouth of the funnel. The upper lobe of the cat’s lung 
usually failed to distend with fluid, probably because the cannula had 
been tied in beyond the orifice of the bronchus to this lobe. To eliminate 
any possibility of fluid occasionally being able to enter this lobe and so 
produce erroneous results, the lobe was tied off at the beginning of the 
experiment. The perfusing fluid was warmed to 37° C. by means of 
Gunn’s apparatus for perfusing the isolated mammalian heart [Gunn, 
1930 a]. Since the perfusion height required was not very great, it was 
found more convenient to have the warming jacket in the horizontal 
plane (or with a very slight incline) than in the vertical position. This 
eliminated having to use long portions of rubber tubing connecting the 
Mariotte bottles to the warming jacket, and when changing perfusing 
fluids the drugs in the Mariotte bottles were able to reach the lung very 
quickly. When the outflow was constant under perfusion with Ringer’s 
fluid, a solution of the drug to be investigated was allowed to flow in from 
another Mariotte bottle, keeping the perfusion pressure unaltered. In 
these experiments the exact strength of the drug employed was known. 
In other experiments 1 c.c. of a concentrated solution of the drug was 
injected into the rubber tube just above the lung cannula. 

Histamine produced marked diminution in the outflow from the lungs 
of both animals, but the effects in the guinea-pig were many times more 
powerful than those in the cat. A concentration of 1 in 5 million histamine 
caused a definite obstruction to the flow of fluid through the trachea and 
lungs of the guinea-pig. A strength of 1 in 500,000 produced almost com¬ 
plete obstruction, the outflo^v being reduced from 18 c.c. per minute to 
0*4 c.c. per minute (Fig. 14, lower record). In the upper record of the 
same figure an injection of 1 c.c. of a 1 in 2000 solution of histamine into 
the perfusing fluid reduced the outflow from 45 c.c. to 5 c.c. per minute, 
adrenaline (1 c.c. of 1 in 1000) causing a great increase again. 

Weak effects were seen with solutions of 1 in 500,000 histamine in the 
cat’s lung, but with 1 in 100,000 marked obstruction occurred, the out¬ 
flow being reduced from 9 c.c. to 1 c.c. per minute (tfig. 15, upper record), 
but this was increased again by an injection of 1-5 c.c. of adrenaline (1 in 
1000) and by later changing over to Ringer’s solution. An injection of 
PH. LXXVI. 24 
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1 o.c. of a 1 in 1000 solution of Ustamine reduced the outflow from 13 c.c. 
to 2 c.c. per minute (lower record). Weak effects were also seen with 
peptone. 



Fig. 14. Beduoed to Guinea*pig. Lung perfuBion record. Each notch represents an out¬ 
flow of 3 c.c. Time record shows intervals of 10 seconds. Lower record: at the arrow 
perfusion was changed from Einger*s solution to a 1 in 600,000 solution of histamine, 
which resulted in almost complete obstruction to the outflow. Upper record: the in¬ 
jection of 1 c.c. of a 1 in 2000 solution of histamine into the rubber tube just above the 
tracheal cannula caused a marked diminution in outflow. The injection of 1 o,c. of 
adrenaline (1 in 1000) greatly increased the outflow. 



Fig. 15. Reduced TOp.c. Cat. Upper record: at the first arrow the perfusing fluid was 
changed over from Ringer’s solution to a 1 in 100,000 solution of histamine, and a 
marked diminution in outflow occurred. At the second arrow an injection of 1*5 c.c. 
of adrenaline (1 in 1000) was given, which increased the outflow even though the 
histamine solution was still being perfused. At the next arrow (L.S.) the perfusion was 
switched back to Ringer’s solution. The lower record shows the effect of injecting 1 c.c. 
of a 1 in 1000 histamine solution and then the result of giving 1 c.c. of 1 m 2000 
adrenaline. 

These experiments show that histamine can cause obstruction of the 
respiratory passages of the cat and guinea-pig by a direct action on the 
respiratory tract, and the effect can thus occur independently of changes 
produced in the circulation and of other factors. This confirms the 
findings of Section III. 
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Discussion. 

(a) Ouinm-pig. By means of lung-volume records it has been con¬ 
firmed that histamine is able to produce obstruction of the respiratory 
passages of the guinea-pig. By perfusing histamine solutions through the 
respiratory tract of excised lungs any effects on the pulmonary circulation 
were eliminated, and the fact that the obstruction was still produced 
under these conditions indicated that the drug must have a direct action 
on some portion or portions of the respiratory tract. Using ring prepara¬ 
tions of the isolated trachea and bronchi it has been shown that histamine 
is able to constrict these structures to a marked degree. The air obstruc¬ 
tion seen after injections of histamine in the guinea-pig can thus be ex¬ 
plained wholly or chiefly by the direct constrictor effect of the drug on 
the plain muscle of the trachea, bronchi and probably the bronchioles too, 
i.e. by contraction of the musculature of the whole respiratory tract, or 
at least, the greater portion of it. Schultz and Jordan [1911] have 
shown that the mucous membrane of the secondary bronchi of the guinea- 
pig normally projects into the lumen in the form of folds, so that even a 
slight narrowing of the lumen will suffice to occlude these bronchi com¬ 
pletely. This factor, taken in conjunction with the findings in this paper, 
viz. that the greater portion of the respiratory tract is contracted with 
histamine, would serve to explain the severity of the obstruction seen in 
guinea-pigs. The occlusion of the respiratory tract is often so marked that 
the condition frequently terminates in death from asphyxia. 

(b) Cat. Using lung-volume records it has been confirmed that hista¬ 
mine is able to cause obstruction of the respiratory tract of the cat. By 
recording at the same time the pulmonary blood-pressure it has been 
shown that the air obstruction seen with histamine can occur quite inde¬ 
pendently of any changes in the pulmonary circulation. Any accessory 
value of the pulmonary congestion in increasing the air obstruction is 
probably unimportant. The obstruction can still occur, even if an increase 
in bronchial secretion is prevented, and also in the absence of pulmonary 
oedema. The obstruction would therefore appear to be due to a direct 
action of the drug on some portion of the musculature of the respiratory 
tract. This has been confirmed by directly perfusing the drug through the 
bronchial tree, thereby eliminating the circulatory and other factors. 
Using ring preparations of the trachea and intrapulmonary bronchi it has 
been found that histamine fails to constrict thesis structures and may 
under favourable circumstances actually relax them. Since it has been 
shown above that the air obstruction with histamine is due to a direct 
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action of the drug on some portion of the respiratory tract, it must be 
assumed that the more peripheral portions of the respiratory passages, 
namely the bronchioles, are constricted by the drug. This then is the chief 
cause of the respiratory obstruction seen in cats after histamine, although 
other factors may occasionally serve to increase the effect. 

Obstruction of the air passages is also one of the chief symptoms seen 
in anaphylactic shock, and the guinea-pig again is much more affected 
than the cat. In this and in other respects the symptoms of anaphylactic 
shock very closely correspond to those produced by histamine, and the 
author therefore suggests that the air obstruction in both conditions can 
be explained on the same basis, viz. by an active constriction of the trachea, 
bronchi and probably bronchioles in the guinea-pig, and by constriction 
of only the bronchioles in the cat. Experiments on anaphylaxis are being 
carried out to decide these points. 

In man the anaphylactic response is seldom fatal, i.e. it is relatively 
weak when compared with the severe reaction produced in the guinea-pig 
[see Sollman, 1926, p. 483]. In other words, the anaphylactic response 
in man resembles that seen in the cat rather than that of the guinea-pig, 
and it is possible that the air obstruction in this condition in man may 
prove to be due, as in the cat, to a constriction limited to the bronchioles. 
It may be found that this hypothesis also serves to explain the air ob¬ 
struction that occurs in the closely related asthmatic attacks of man. 

It is of interest to compare the actions of histamine on the respiratory 
passages of the cat as described above with the effects of the drug on the 
blood vessels of this animal [Dale and Richards, 1918]. Thus, while the 
trachea and bronchi are relaxed by histamine, the bronchioles or finer 
tubules are constricted; whereas, while the arterioles are constricted by 
histamine, the capillaries or finer vessels are relaxed. In both cases, how¬ 
ever, the peripheral effects of the drug completely overshadow the other 
actions. It is of interest also to note that the only other mammalian 
tissue which is relaxed by histamine is the rat’s uterus [Guggenheim, 
1912]. 

Summary. 

Using various methods of investigation it has been shown that hista¬ 
mine produces obstruction of the respiratory passages of the guinea-pig 
by a direct constrictor effect on the trachea and bronchi. The bronchioles 
probably also take part in the action. In the cat histamine causes ob¬ 
struction chiefly by a direct constrictor effect on the bronchioles. The 
bronchi and trachea appear to take no part in the obstruction, for they 
may actually be relaxed by histamine. 



RESPIRATORY ACTION OF HISTAMINE. 


367 


A method has been described for recording the effects of drugs on 
isolated ring preparations of the trachea and bronchi of the commonly 
employed laboratory animals, viz. the cat, rabbit and guinea-pig. 

The author wishes to express his thanks to Prof. J. W. C. Gunn of 
the Department of Pharmacology, University of Cape Town, for the 
interest taken in this work, and to Mr J. W. Bates, technical assistant, 
for any diagrams shown. 
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“CHLORIDE SECRETING CELLS“ IN THE GILLS 
OF FISHES, WITH SPECIAL REFERENCE 
TO THE COMMON EEL. 

By ANCEL KEYSi and E. N. WILLMER. 

(From the Physiological Laboratory, Cambridge.) 

Introduction. 

The recent discovery of the chloride secretory activity of the gills of 
the eel [Keys, 19316] demanded consideration of the histology of the 
gills. No anatomical basis was known to which the secretory activity 
might be ascribed and the view was firmly entrenched that respiratory 
epithelia in general are uniformly devoid of secretory elements. As 
Win ter stein [1921, p. 266] puts it: “Nirgends ergibt sich ein morpho- 
logischer Anhaltspunkt fiir eine ‘sekretorische’ Tatigkeit, nirgends zeigt 
das respiratorische Epithel die charakterischen Eigenschaften sezernie- 
render Zellen.” 

It was shown [Keys, 19316; Bateman and Keys, 1932] that the 
chloride secretion exhibited by the gills of the eel in sea water is an 
active process requiring the expenditure of large amounts of energy. 
The possibilities would seem to be: 

(1) A simple respiratory epithelial membrane capable, in the eel, 
of accomplishing an amount of osmotic work comparable, on the basis 
of equal weights of tissue, with that done by the mammalian kidney, or 

(2) Special secretory cells present in the gills, implying error in the 
older studies. 

The present paper is a report of investigations which revealed the 
undeniable existence of large numbers of secretory cells in the gills of 
eels and other teleosts. The constant appearance of great numbers of 
these cells so situated in the gills as to have access to both internal and 
external media, combined with the proof that they are not mucous cells, 
gives them an imusual physiological interest. 


^ Fellow of the National Researoh Council of America. 
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Methods. 

The macroscopic anatomy of the branchial circulatory system in the 
eel was studied by perfusion methods [Keys, 1931a] and by dissection 
of ansesthetized eels, pithed eels, and fixed and injected specimens. For 
the investigation of the course of the blood vessels in the gills four 
methods were used. The main efferent vessels of the gills were tied off 
so that the gill vessels, which thus became engorged with blood cells, 
could then be easily identified in sections. Secondly, the vessels were 
perfused with Indian ink dialysed against Ringer’s fluid, and this method 
gave the clearest picture of the way in which the vessels traverse the 
filaments. Thirdly, the method of injection of silver nitrate and sub¬ 
sequent reduction was used to impregnate the endothelial lining of the 
vessels. Finally, the course of blood flow through the gills in the anaesthe¬ 
tized animal was observed microscopically with transmitted light. 

The gills for microscopical investigation were fixed in Bouin’s or 
Zenker’s fluids or with Flemming’s fluid from which the acetic acid was 
omitted. Attempts were made to fix the tissues by perfusion with 4 p.c. 
neutral formalin, but the results were unsatisfactory as a considerable 
amount of shrinkage occurred in the cytoplasm, especially in the cyto¬ 
plasm of the secretory cells to be described. Sections were stained with 
haematoxylin and eosin or hasmalum and eosin, and these, after fixation 
in Bouin’s fluid, produced the most satisfactory histological pictures. 
Mallory’s triple stain and Giemsa’s azure eosin were also used with 
success. A considerable number of sections were treated with metachro- 
matic thionin to establish the positions of mucous cells. The finer 
structure of the cells was studied chiefly in cells fixed with Flemming’s 
fluid (without acetic acid) and stained with Heidenhain’s iron hacma- 
toxylin. 

The anatomy of the branchial circulatory system. 

The arrangement of the general and the branchial circulatory 
systems in the eel is typical of the teleost fishes. Text-fig. I is a dia¬ 
grammatic representation of the general circulation in the teleost. Venous 
blood from the anterior and posterior cardinal systems passes through 
the ductus cuvieri and joins the blood from the hepatic vein in the sinus 
venosus. From there the blood traverses, in succession, the auricle, the 
ventricle, bulbus arteriosus, ventral aorta, the gills and thence to the 
dorsal aorta. The details of the circulation in the gills will be described 
later in this paper. 



370 


A, KEYS AND E. N. WILLMER. 


A less diagrammatic picture of the branchial circulation is given in 
Text-fig. 2 in which oxygenated blood is represented in black. The giUs 
of the right side are not shown. The arterial supply to the tissues of the 
head is derived from small branches of the anterior efferent vessels of 



Text-fig. 1. Essential circulatory system (schematic), a, mouth: 6 , branchial chamber; 
c, branchial vessels; d, ventral aorta; e, branchial aperture; /, heart; g, hepatic circu¬ 
lation; h, capillaries of alimentary canal; i, capillaries of posterior part of body; 
kidney; k, dorsal aorta; 1, capillaries of anterior part of body. 



Toxt-fig. 2. Branchial circulatory system, a, branchial eliamber; 64 , 62 , 6 ,, 64 , afferent 
branchial vessels; Cg, Cg, C 4 , efferent branchial vessels; d, dorsal aorta; e, ventral 
aorta; /, coronary artery; g, ventricle; h, auricle; anterior cardinal sinus; j, sinus 
venosus; k, posterior cardinal sinus; I, hepatic vein. 


the gills, and the venous drainage from the head tissues is collected by 
the anterior cardinal system. We did not find a highly developed hypo- 
branchial system such as is present in some elasmobranchs [Keys, 1928]. 

We have confirmed the description of the coronary system given 
by Grant and Regnier [1926], The left coronary artery is shown, in 
Text-fig. 2, traversing the ventral aorta posteriorly to the heart; the 
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distribution of the vessels on the heart itself is extremely variable. 
As Grant and Regnier found, the coronary veins drain into the 
sinus venosus. 



Text-fig. 3. A. Diagrammatic section through gill bar showing arrangement of vessels, 
a, afferent vessel; 6, efferent vessel; c, cartilage. B. Diagram showing arrangement of 
leaflets at the tip of a filament. 

Text-fig. 4. Diagrammatic section across a filament, a, mucous cells, h, afferent blood 
vessel; c, cartilage; d, leaflet cut parallel to its surface; e, effei-ent blood vessel; 
/, leaflets cut across. 


The eel, like the other teleosts generally, possesses four branchial 
bars on either side, and each bar bears, on its outA side, a double row 
of filaments. Each filament, in turn, bears on each side a row of lamellae 
or respiratory leaflets which provide the surface for both respiratory 
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and osmotic exchange. Text-fig. 3 shows a transverse section through a. 
gill bar and also a diagram of the tip of a filament viewed at right angles- 
to the gill bars. 

As described by earlier workers [see Oppel, 1905], each filament on 
the bar is supported for about two-thirds of its length by a small rod of 
cartilage (the gill ray) which is situated on the inner side. The afferent 
branchial artery (which carries venous blood) courses along the external 
side of the gill bar in the V between the filaments (see Text-fig. 3) and 
sends a branch to each filament which runs along the gill ray on the inner 
side. At the level of each leaflet this filament arteriole gives off a small 
branch which opens into the leaflet. The leaflet consists of an upper and 
lower respiratory epithelium, each composed of a single layer of flattened 
cells; between the upper and lower respiratory epithelia lies the system 
of blood channels. The blood is enclosed between two membranes kept 
apart by somewhat columnar cells (the pilaster cells of Bietrix [18956],. 
see Oppel, p. 23 et seq,) as a roof might be supported by a colonnade of 
pillars. These supporting cells are expanded at each end and it is these 
expansions which, by fusing together, give rise to the two membranes. 
The nuclei of the supporting cells are situated almost invariably in the 
middle region of the cell. Between the respiratory epithelium and the 
blood channels there is some evidence, at least in places and especially 
towards the base of the leaflets, for the existence of a true basement 
membrane such as has been described by previous workers [see Oppel, 
1905]. 

After the blood has flowed through the leaflet it is collected again on 
the outer side of the filament and flows into an efferent vessel which 
traverses the outer margin of the filament to the gill bar, receiving the 
blood from each leaflet which it passes in its course. The arrangement of 
the blood channels is illustrated in Text-fig. 4, in which the black 
represents blood and the lighter areas show the tissue substance. The 
leaflet on the right in this figure has been cut in a direction parallel ta 
its flat surface so that the supporting cells are clearly shown; on the left 
are seen leaflets cut at right angles to their fiat surfaces. 

The more minute liistological structure is shown in Text-fig. 6 and 
on Plates I and II. In the outer regions of the leaflets the typical 
respiratory arrangement is seen in which a simple respiratory membrane 
covers the blood vessels. The separate character of this membrane, 
as distinguished from the membrane which forms the blood channels,, 
is indicated. At the base of the leaflets, however, the picture changea 
and the epithelium thickens into a type conforming more to stratified 
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Platf, 1 



J. Mi<'ro()liuloLrra]»h 170) .showing: the posilion oi tiu* ‘“’rhlondo 
Kc<‘r(‘tm;uf” cflN at thu hasi* of tin* luaflots (lia*nialiim and uoHin). 



iMicrojihotograph ( x4(K)) of leaflets with “chloride 
secreting” colls (hsemalum and oosin). 


Plate II THE JOURNAL OF PHYSIOLOGY, Vol. LXXVI, No. .3 



Microplioto^iaph ( HSO) <»f “cliloiUlc suorutiniz'’ 
(iron luvinatoxylin, Hoidonlinin). 
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epithelium which in turn lies on a definite basement membrane of con¬ 
nective tissue. The latter is penetrated periodically by the blood vessels 
entering or leaving the leaflet. 

In the proximal portions of the leaflets, particularly on the side 
nearest to the gill rays and therefore near to the blood vessels which 



Text-tig. 5. Diagram showing the position of the “chloride secretory” cells, a, respiratory 
epithelium; 6, “pilaster” coll; c, blood channel; d, “chloride secretory” cell. 

bring blood to the leaflets, there are found large numbers of cells of a 
very different character from those forming the ordinary epithelium. 
The nucleus, instead of being more or less ovoid is almost spherical and 
is much larger; typically, it contains one nucleolus and a thin network of 
chromatin. Often it occupies a more or less central position in the cell, 
but sometimes the whole cell is slightly elongated and approaches the 
columnar form in which case the nucleus is situated towards the base of 
the cell. 
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The cytoplasm of these cells is finely granular and has a greater 
affinity for eosin than the rest of the epithelium. The cells are therefore 
conspicuous in sections stained with hsemalum and eosin or with Giemsa’s 
azure eosin. The cells are typically ovoid in shape and may occupy the 
whole epithelial thickness, but they never, or only very rarely, appear to 
be more than one layer thick. They are more particularly confined to the 
region of the base of the leafiets, but isolated cells of the same character 
have been observed occasionally on the outer regions of the leaflets. In 
a single cross-section of the leaflets on the gills of the eel up to eight or 
ten of these cells may be found between a single pair of leaflets if the 
section has been cut in the neighbourhood of the gill ray. In other 
regions they are generally less numerous. The diameter of these cells is 
on the average 15/x, and the diameter of the nucleus about 6 ft; both 
cell and nucleus are very markedly larger than the epithelial cells and 
their nuclei. 

The presence of these cells of a definite secretory type on the leaflets 
of the gills and the experimentally found secretion of chloride by the 
gills at once suggested that the two may be intimately connected. Their 
position on the leaflets near the gill rays is interesting and may be 
significant. If these cells are doing a considerable amount of work it is 
probable that their demand for oxygen is high, so that they would 
tend to lower the oxygen saturation of the blood or fluid with which 
they are in contact. If they were situated elsewhere on the leaflets the 
blood would tend to leave the gills not fully saturated and by con¬ 
centrating the cells around the afferent vessels this contingency is 
avoided; the blood can become saturated with oxygen after passing 
the secreting cells, and these can draw oxygen from the outside fluid as 
well as, or instead of, from the blood. 

A number of other species were studied in order to see if there is any 
correlation between the presence or absence of these cells and the probable 
chloride-secreting capacity of the gills as inferred from the habitats of 
the various species. In the fishes so far studied none has shown as 
many of these specialized cells as occur in the eel, but most of them 
have exhibited cells of the same type although their form may vary 
somewhat. The findings with the various species have been condensed 
in Table I. The distinguishing criterion applied here to these cells was 
eosinophilia in very large cells with nearly spherical nuclei. As shown 
in the table, the character of the cells is somewhat variable, and it may 
be that there are forms intermediate between the true epithelial cells 
and those of the secretory type. This fact sometimes makes it difficult 
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to decide whether or not specialized secretory cells do occur, particularly 
in the fresh-water species where the presence of mucous cells between 
the leaflets adds a source of difficulty. 

Table I. 


Species 

Anguilla vulgaris 
common eel) 

Conger vulgaris (con¬ 
ger eel) 


Salmo mlar (salmon) 

Pleuromctes plaiessa 
(plaice) 

Coitus hubalis 
Crenilabrus melops 


Scyliorhinus canicula 
(the rough dogfish) 

Leuciscus rutilus* 
(roach) 

Oobio fluviatilis* 
(gudgeon) 


Leuciscus vulgaris* 
(dace) 

Abramis blicca* 
(bream) 


Number of cells 
Abundant between the 
leaflets, especially at 
their bases 

Two or three per section 
between each leaflet 


Fairly numerous between 
the leaflets in adult 

Few except near the gill 
ray where they are well 
developed 

A few 

Cells abundant 

None observed 

Very few if any 


Cells fairly abundant, es¬ 
pecially at the base of 
leaflets, in some sections, 
absent in others 

Very few 

Fairly well developed at 
the base of the leaflets 


Description of cells and other notes 

Large round or ovoid cells, nearly 
spherical nucleus situated near 
the centre of the cell 

Rather more columnar in shape 
than in the common eel, and the 
nucleus tends to bo towards the 
base of the cell 

Smaller than in the common eel 
but well developed 

Nuclei small and more condensed 
than in the eel 

Rather small 

Well developed but nucleus rather 
small. Ordinary epithelium some¬ 
what columnar 

Mucous cells abundant, also oc¬ 
curring between the leaflets 

Eosinophilic cells occur under the 
epithelium at the sides of the 
filaments 

Mucous cells occur among the 
eosinophilic cells 


Gronerally more tissue and mucous 
cells between tho leaflets. The 
secretory cells do not have con¬ 
tact with both blood and external 
medium 


* These are fresh-water teleosts. 


In the eel and in several other species examined, the cells do not 
show any definite polarity, the nucleus being somewhat centrally placed 
in an ovoid cell. This may possibly be taken as an indication that the 
cells may be capable of working in either direction according to the 
osmotic concentrations. Incidentally there is a very striking histological 
resemblance between these cells and the oxyntic cells of the mammalian 
stomach whose function is the secretion of chloride, bift in this case the 
cation is hydrogen ion, whereas in the eel the cation is sodium or potas¬ 
sium. 
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Mucous cells of the goblet cell t 3 rpe were also found on the gill filaments 
in all the species examined. In the marine teleosts and the eel these 
mucous cells were limited to the filament stalk itself, but in the fresh¬ 
water fishes and in the dogfish mucous cells occurred in abundance 
between and at the base of the respiratory leaflets. 

Discussion. 

It is rather surprising that the secretory cells described here were 
not reported earlier. It is true that they are generally limited to certain 
regions in the gill leaflets and may be entirely absent in some species. 
However, they are so clearly evident in properly fixed specimens that 
it seems probable that bad fixation may have been one reason why they 
were not noticed before. 

These cells arc present in large numbers in the eel; in animals of 
about 250 g. weight we estimated between three and six million cells in 
the gills of each eel. It is obvious that we have here a possible and even 
probable histological basis for the branchial chloride secretion. These 
cells, which we shall tentatively term chloride-secreting cells, are not 
only of an unmistakable secretory type and are not mucous cells, but 
they are located so as to be in close contact both with the blood and with 
the external medium. They are undoubtedly more pronounced in the eel 
than in the other species examined. The eel has an extraordinary power 
of osmotic regulation, and this may be ascribed largely to its proven 
ability to secrete chloride from the gills. 

Evidence has been presented [Keys, 19315; Smith, 1932; Keys, 
1932] for the probability that the marine teleosts generally secrete 
chloride from the gills. The inference follows that the “chloride-secreting 
cells,” if they really possess this function, should be present in all the 
marine teleosts; as has been shown, this expectation is realized and we 
found these cells in all the marine teleosts examined. In an elasmo- 
branch, the dogfish, which is not dependent on a branchial secretory 
mechanism for its osmotic regulation [see Smith, 1931], we were unable 
to find chloride-secreting cells. 

The salmon possesses “chloride-secreting cells” in a fairly well- 
developed condition, at least this was the case in the gills of a specimen 
which was captured while passing from sea water to fresh water prior 
to spawning. In a very young specimen taken from fresh water no 
trace of the cells could be found. This specimen, however, was fixed 
with formalin which has since been shown to be unsuitable for the 
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demonstration of this type of cell since it causes very pronounced 
shrinkage of the cytoplasm. 

The presence of these cells in some of the fresh-water teleosts admit¬ 
tedly complicates the histological interpretation. However, it will be 
noted (Table I) that these cells are generally less abundant in the fresh¬ 
water teleosts than in the marine forms. They may, of course, be non¬ 
functional in the fresh-water species. Another possibility is that these 
oells are so organized that they do not necessarily secrete chloride out of 
the blood but that they always secrete in opposition to the concentration 
^adient. If this were the case they would tend, in the fresh-water 
&hes, to help maintain the salt content of the blood which is con¬ 
tinually in danger of depletion in the fresh-water fishes. 

A thorough survey of the histology of the gills of fishes from various 
liabitats will be required before final conclusions can be drawn, but we 
feel justified in suggesting that the “chloride-secreting cells” described 
here are associated fimctionally with the branchial chloride secretion in 
the eel, at least, and probably in other marine teleosts. 

Prom an evolutionary point of view it is perhaps interesting to note 
that the occurrence of mucous cells between the leaflets seems to be 
•confined to the dogfish (the only elasmobranch examined) and the fresh¬ 
water species. They appear to have been lost in the essentially sea-water 
forms. 

Summary. 

The anatomy of the branchial circulation in the eel {AnguiUa vulgaris) 
is described. 

The histology of the gills of ten teleost species (including the eel) 
and of the dogfish (Scyliorhimzs canicula) was studied. Cells of a secretory 
type were found to be present in large numbers in the gills of the eel 
and in smaller numbers in the gills of other teleosts; they were not found 
in the dogfish. 

The possible correlation of these secretory cells with the chloride- 
aeoreting activity of the gills is discussed. 

We are indebted to Mr J. Gray, Dr J. B. Bateman, Mr P. C. Stott 
and Mr F. P. Coyne for many of the specimens used in this work. 
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THE DIURETIC ACTION OF ALCOHOL AND ITS 
RELATION TO PITUITRIN. 

By MARGARET M. MURRAY. 

{Department of Physiology, Bedford College, London.) 

That alcohol has a diuretic action is well known, but the way in which 
it produces its effect is not fully understood. Alcohol put into the cir¬ 
culation of a heart-lung-kidney preparation causes a cessation of urine 
flow according to Loewy and Bornstein [1927]. Hence it would seem 
probable that its action as a diuretic is extrarenal. 

The experiments to be described represent an attempt to investigate 
the mechanism of alcohol diuresis. They fall into two series : 

(I) Experiments on normal human subjects. 

(II) Experiments on cats under am)rtal. 

Part I. Experiments on human subjects. 

Firstly, the diuretic effects of alcohol and certain of the more common 
diuretic drugs were compared. All experiments were carried out under 
comparable conditions; that is, at constant room temperature first thing 
in the morning, the subjects having no breakfast. In every experiment 
the volume of liquid taken was 300 c.c. at 29° C. Control experiments 
were done, water alone being drunk. The results in Table I show the com¬ 
parative diuretic effect of alcohol (10 p.c. by volume), urea (5 p.c.), diuretin 
(theobromine sodium salicylate, 0*3 p.c.) and whey (made by clotting 
milk with rennin). It can be seen from these figures that alcohol has a 
very definite and rapid diuretic action. Adolph and Ericson [1926] 
considered that there are three types of diuresis: (1) water diuresis due 
to hydremia, (2) saline diuresis, (3) drug diuresis. The rapidity of action 
of alcohol is like simple water diuresis. This latter is due to hydrsemia 
and the resulting lowered osmotic pressure. It is antagonized by the 
antidiuretic hormone of the pituitary. * 

Experiments were carried out to show the relation of pituitrin to 
alcohol diuresis. Four different types of experiments were performed, 
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Table I. 



Urine flow 

Urine flow in successive 

Total in 


per } hour 


^ hours after, c.c. 


2 hours 

No. and type of exp. 

before, c.c. 

t — 


—^ 

after, c.o. 

Subject A 






31. Water, 300 c.c. 

15 

28 

155 115 

18 

316 

27. do. 

19 

50 

216 136 

12 

414 

24. do. 

11 

21 

140 95 

11 

267 

25. Alcohol, 300 c.c. 10 p.c. 

17 

19 

134 214 

148 

515 

28. do. 

25 

91 

227 256 

120 

694 

18. Urea, 300 c.c. 5 p.c. 

15 

Collected at the end of 2 hours 

165 

Glucose, 300 c.c. 25 p.o. (av. 






of 4 exps.) 

16 


do. 


230 

Glucose, 300 c.c. 25 p.c. and 






10 p.c. ale. (av. of o exps.) 

18 


do. 


444 

Subject B 






24. Water, 300 c.c. 

26 

112 

202 29 

24 

367 

23. do. 

18 

56 

233 52 

10 

351 

25. Alcohol, 300 c.c. 10 p.c. 

22 

22 

126 230 

124 

502 

27. do. 

16 

68 

235 265 

43 

611 

10. Diuretin, 1 g. in 300 c.c. 






water 

25 

Collected at the end of 2 hours 

365 

Glucose 300 c.c. 10p.o. (av. 






of 4 exps.) 

21 


do. 


260 

Glucose, 300 c.c. 26 p.c. and 






10 p.o, ale. (av. of 6 exps.) 

22 


do. 
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all under the conditions mentioned above. The urine was collected every 
half-hour till the rate was constant, then an experiment of one of the 
following types was performed: 

(A) 300 c.c. of tap water at 29® C. was drunk. 

(B) 300 c.c. of tap water at 29® C. was drunk and an injection of 
0*1 unit pituitrin was given. 

(C) 300 c.c. of 10 p.c. alcohol at 29® C. was drunk. 

(D) 300 c.c. of 10 p.c. alcohol was drunk and an injection of 0*1 unit 
pituitrin was given. 

Subsequently the urine was collected at half-hourly intervals till the 
rate had returned to normal again. The results of these experiments are 
set out in Table II. 

The pituitrin was Parke-Davis^s posterior lobe extract (10 units 
per c.c.) diluted with sterile water 1 in 20 so that an injection of 0*2 c.c., 
which was the usual dose given, was equal to 0*1 unit. The small dose 
given in two experiments was half this (0*06 unit). The pituitrin was 
injected subcutaneously. 

The results of these experiments show again the marked diuretic 
action of alcohol and also that this diuretic effect is able to overcome to 
a certain extent the antidiuretic effect of pituitrin. This point is brought 
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out by a comparison of Exps. 35 and 34, the small dose of pituitrin has 
a considerable effect on water diuresis. In Exp. 35 the time of maximum 
excretion is delayed by IJ hours, the time of return to the normal rate 
by 1^ hours and the total excretion decreased by 110 c.c. In Exp. 34 the 
effect of the small dose is certainly weaker, the time of maximum excretion 
and the return to normal are only delayed by J hour and the total excretion 
only decreased by 27 c.c.: thatis, the pituitrin is almost ineffective. Itseems 
therefore that the alcohol antagonizes the antidiuretic action of pituitrin. 


Table II. 







Total 




Time 

Time 

excre¬ 




of 

to 

tion tiU 




max. 

return 

return 


Urine vol. in c.c. per 4 hour 

excie* 

to 

to 


r 


tion 

normal normal 

No. and type of exp. Before 

SuccesaiTe } hours after 

(hours) (hours) 

(c.c.) 

Subject A 






31. A. Water diiiresia 

15 

28, 155, 115, 18 

1 

2 

316 

27. do. 

19 

50, 216, 136, 12 

1 

2 

414 

30. B. Water, pituitary injection 

16 

14,15,13,10,19, 20,19,30,61, 8 


5 

209 

25. C. Alcohol diuresis 

17 

19, 134, 214, 148, 6 

H 

2 

621 

26. do. 

25 

91, 227, 256, 120, 21 

H 

2 

715 

29. D. Alcohol, pituitary injection 

13 

13, 10, 11, 14, 75, 160, 58, 31, 21 

3 

4i 

393 

32. do. 

11 

12, 12, 11, 9, 85, 147, 128, 60, 28 

3 

4 * 

492 

Subject B 






24. A. Water diuresis 

26 

112,202,29 

1 

4 

343 

23. do. 

18 

56, 233, 52, 10 

1 

2 

351 

28. B. Water, pituitaiy injection 

16 

15, 18, 17, 20, 14, 17, 36, 38, 9 

4 

H 

184 

29. do. 

20 

17, 25, 16, 10, 21, 39, 59, 25, 6 

3} 

4i 

218 

36*. do. 

30 

25, 16, 16, 14, 135, 22, 10 


3t 

238 

25. C. Alcohol diuresis 

22 

23, 126, 230, 124, 15 

IJ 


518 

27. do. 

16 

68, 235, 265, 43, 17 

n 


628 

33. D. Alcohol, pituitary injection 

23 

23, 15, 17, 22, 121, 42, 58, 15 

3 

4 

313 

34'*'. do. 

20 

30, 30. 126, 273, 69, 18 

2 

3 

546 


* Indicates where small dose of pituitrin was used, Exps. 34 and 35. 


This could be brought about in several ways. We know from the work of 
Krogh that one of the most important functions of the posterior lobe of 
the pituitary gland is to maintain a normal degree of permeability of the 
capillaries. The absence of pituitrin in a perfusion liquid causes their 
permeability to increase. An injection of pituitrin into a normal animal 
probably makes the capillaries more impermeable. This may be the 
explanation of the antidiuretic effect of pituitrin in suppressing water 
diuresis. The blood is diluted to the same extent as in water diuresis 
[Priestley, 1921], but the urine is scanty because the water cannot be 
filtered through the glomerulus. Now the diuretic action of alcohol and 

25—2 
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its antagonism to the antidiuretic action of pituitrin could be explained 
in several ways: 

(1) That alcohol causes a greater hydresmia than water and thereby 
can overcome the impermeability due to pituitrin. 

(2) That alcohol actually destroys or inhibits the secretion of the 
capillary substance of the pituitrin. 

(3) That alcohol increases capillary permeability directly. 

(4) That alcohol increases kidney volume and blood flow. 

(5) That alcohol increases diffusion pressure in the glomerulus by 
increasing the blood-pressure, so that the decrease in permeability due to 
pituitrin is overcome. 

Taking the last consideration first, the rise in blood-pressure from 
such a relatively small dose of alcohol is very slight or non-existent and, 
if this were the reason for alcohol diuresis, then a similar effect should 
have been obtained when alcohol was injected into anaesthetized cats in 
doses sufficient to give blood-pressure rise of about 10 mm. Hg. Here the 
alcohol did not produce diuresis. The experiments to show this are 
quoted in more detail later. Alcohol did not cause diuresis in the experi¬ 
mental animals, so the fourth point could not be tested. 

Since the result of all the other three possibilities is ultimately the 
same, these effects cannot be dissociated. It is generally accepted that 
alcohol increases cell permeability. There is so far no good evidence that 
alcohol inhibits the secretion of the pituitary gland, but that alcohol and 
pituitary functions seem to be antagonistic was suggested by Ed kins 
and Murray [1931]. With regard to the possible hydrsemic effect of 
alcohol, attempts were made to investigate this by determining the 
osmotic pressure of the blood in these experiments, but the results were 
not consistent. Analyses of the urine were made in all cases, the results 
of four typical experiments are given in Figs. 1 and 2. 

The variations in concentration seem to depend entirely on the urine 
volume, that is, alcohol causes an exaggerated water diuresis. The output 
of chloride and phosphate did not suffer much variation, though there 
was generally a small increase in phosphate output. In subject B there 
was a slight rise in chloride output and a more marked increase of 
phosphate; this was probably due to the very rapid rate of secretion. 

The graphs of the urine excretion for alcohol experiments and simple 
water ingestions are very similar, suggesting a similar type of diuresis. 




Subject B. Water diuresis, Exp. 23 Subject B. Alcohol diuresis, Exp. 27 

Pig. 2. 
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Pabt II. Experiments on cats under amytal. 

Because of the reverse effects of pituitrin on the urine secretion in 
anaesthetized animals, as compared with unanaesthetized animals, a series 
of experiments was done to investigate the effect of alcohol on the urine 
secretion in cats under amytal, and the relation of alcohol effects and 
pituitrin injection in these animals. In all experiments the bladder was 
catheterized and the original rate of urine secretion determined. First 
of all control experiments were made, giving warm water by means of a 
tube tied into the oesophagus, to determine whether a water diuresis 
could be established in these animals. In most cases 20 c.c. water were 
given, this is for the average sized cat (2-7 kg.), 8 c.c. water per kg. body 
weight which is much more proportionally than 300 c.c. for a human 
subject averaging 60 kg., making 6 c.c. per kg. body weight. The figures 
given in Table III show that there is no diuresis after water ingestion in 
cats under amji^al. In other experiments, alcohol (20 c.c. of 20 p.c.) was 
given, again a bigger dose than was given to the human subjects. Here 
again there is no diuresis as seen by the figures in Table III. 


Table III. The secretion of urine in cats after administration of: 



A. Water 20 c.c. 

_A_ 



B. Alcohol 20 C.C. 20 p.c. 

_A__ 


* 

Urine 

Urine 

Urine 

t 

Urine 

Urine 

Urine 


before 

1st 4 hour 2nd 4 hour 


before 

1st 4 hour 2nd 4 hour 

No. of 

per J hour 

after 

after 

No. of 

per i hour 

after 

after 

exp. 

c.c. 

c.c. 

C.O. 

exp. 

C.C. 

c.c. 

c.c. 

20 

1-2 

1*3 

M 

20 

1*2 

1-2 

0-4 

23 

0-8 

10 

0-45 

23 

10 

1-3 

1-4 

24 

1-6 

1-4 

10 

24 

1-9 

1-9 

2-0 

26 

0*6 

10 

0-8 





27 

0*7 

0-8 

0-7 

27 

1-75 

0-7 

0-7 

30 

20 

3-6 










12 

40 

3-6 

4-8 





13 

3-8 

3-6 






16 

2-1 

20 

20 





19 

05 

0-4 

0-6 





22 

1-6 

1*0 

0-9 





28 

0-3 

0-2 

0-4 





31 

2-7 

2-3 

20 





37 

10 

0-9 

0-9 





38 

0-3 

0-3 

0-3 


In two of these alcohol experiments a record of the blood-pressure 
was taken. A slight rise in blood-pressure was noted after giving the 
alcohol. It seems that the kidney in ansBsthetized animals is not capable 
of responding to a slight degree of hydrsemia produced by water ingestion. 

These animals responded in the usual way to pituitrin injections. 
Giving a dose of 0*5-0'76 c.c. of pituitrin intravenously to the animals 
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1 hour after the administration of water the following results were 
obtained (see Table TV, column A). Fifteen such experiments were per¬ 
formed, giving an average increase of urine in the first hour after injection 
of 13'4 c.c. This increase is to be compared with the figures in Table IV, 


Table IV. Effect of pituitrin on diuresis in cats under amytal. 

Increase in urine excretion 1 hour after injection of 0*6 to 0‘76 c.c. P.D. pituitrin. 

A. After 20 c.c. B. After ingestion of 20 o.o. 

water ingestion 20 p.c. alcohol 

___ _A_ 


A(i) 

A(u) 

^ B(i) B(ii) 


let injection 

2nd injection 

1st injection 2nd injection 


pituitrin 

pituitrin 

pituitrin pituitrin 

No. of exp. 

C.C. 

C.C. 

C.C. c.c. 

22 



00 

12 

150 

— 

2*6 

13 

190 

— 

- 2*3 (decrease) 

16 

70 

— 

6*2 

20 

13-5 

— 

10 

23 

15*5 

— 

8*7 

24 

230 

— 

14*2 

27 

130 

— 

2*3 

Average (7) 

150 

— 

4*1 

38 

— 

— 

— 3*3 

37 

•— 

— 

— 7*2 

Average 

— 

— 

— 5*6 

8 

4-7 

51 


14 

130 

3-5 


15 

110 

120 


20 

13-5 

160 


32 

90 

4-8 


33 

19-2 

60 


35 

8-9 

12-2 


36 

154 

150 


Average (8) 

11-8 

9'4 


Average of 




all A (i) 




exps. (15) 

13-4 




column B, where the injection of pituitrin after the giving of alcohol gave 
a urine increase in the first hour on an average (eight experiments) of 
4‘1 c.c. Since these results after alcohol were obtained on a second in¬ 
jection of puitrin into animals which had previously given a diuresis for 
a first dose, the point might be raised that there was less diuresis after 
alcohol because it was a second dose of pituitrin. To show that this was 
not the cause of the decrease in effect of the pituitrin, experiments showing 
the result of two successive injections after water ingestion were per¬ 
formed. The results of these are also given in Table*IV, and an average 
of eight experiments gave 11*8 c.c. increase for the first and 9*3 c.c. urine 
increase for the second dose. In these cases no further water was given 
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before the second injection of pituitrin. Hence it is seen that the de¬ 
creased effect of pituitrin after alcohol is not due to the fact that it is 
a second injection. It would appear therefore that whatever is the 
mechanism of pituitrin diuresis in these animals, it is antagonized by 
previous ingestion of alcohol. The concentration of alcohol in the blood 
in the animals was estimated in many cases, the usual concentration was 
26 mg. per 100 c.c. blood. 

Now whether these two sets of results: 

{a) those on human subjects showing that alcohol is a potent diuretic 
and has an action antagonistic to the antidiuretic substance of 
pituitrin, 

(6) those on cats in amytal anaesthesia showing that alcohol has no 
diuretic effect in these animals and that it antagonizes the diuretic 
action of pituitrin, 

can be correlated is very difficult to say. 

If alcohol antagonizes both antidiuretic and diuretic action, and, as 
will be shown in another communication, it also inhibits pituitrin hyper- 
glycaemia, its effect seems to be very general. It also appears that alcohol, 
besides being able to antagonize these hormonic effects on blood sugar 
when pituitrin is injected, can also possibly antagonize the normal effect 
of the pituitry gland in these respects as well [Edkins and Murray]. 

Summary. 

]. The diuretic action of alcohol on normal human subjects was 
compared with that of certain recognized diuretic substances and found 
to have a rapid and powerful diuretic action. 

2. The diuretic effect of alcohol antagonized that of an injection of 
pituitrin in normal human subjects. 

3. It is considered from the results that the effect of alcohol is an 
exaggerated water diuresis, not a specific effect on the kidneys. 

4. In amytalized cats alcohol does not act as a diuretic. 

5. Alcohol antagonized the diuretic effect of pituitrin injection in 
these cats. 
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THE BEHAVIOUR OF LIVER GLYCOGEN IN 
EXPERIMENTAL ANIMALS. 

III. The relationship of blood phosphorus to liver glycogen 
and blood glucose in the decapitate cat. 

By a. C. DE GRAFF, C. LOVATT EVANS and 
TOM VACEKi. 

{From the Department of Physiology and, Biochemistry, 
University College, London.) 

In their investigation of the carbohydrate metabolism of the fasting cat 
after decapitation, Evans, Tsai and Young [1931] concluded that the 
restitution of liver glycogen was greater than could be accounted for as 
occurring wholly from blood sugar or lactate, or both of these substances. 
Nevertheless it appeared to be significant that in its restoration the 
amount of liver glycogen tended to approach, but rarely if ever to exceed, 
that initially present in the liver at the beginning of the experiment, 
though that amount was often very different in different individuals. It 
was attractive to suppose that during decapitation the liver glycogen was 
converted into some intermediate substance which perhaps found its way 
temporarily into the circulation, to be ultimately returned in whole or in 
part to the liver and there reconverted into glycogen. This possibility was 
passed over by Evans, Tsai and Young in favour of the hypothesis of 
glyconeogenesis, but largely because there was at that time little to suggest 
the probable nature of such an intermediary. 

Other investigators had felt similar difficulties with regard to the 
equating of glycogen lost by the liver or muscles [Corkill and Marks, 
1930], though Simpson and Macleod [1928] found the discrepancy 
smaller for liver than for muscle. 

The known relationship of phosphoric acid to carbohydrate metabol¬ 
ism, and the important work of Cori and Cori [1931] indicating that 
under various conditions muscle glycogen may be converted into hexose 
phosphoric acid, however, made it worth while studying the phosphorus 
changes of the blood in our decapitate animals. , 

Further, a formation of hexose monophosphate in glycogenolysis in 
the liver was indicated by Barrenscheen et al. [1930]. Apart from the 
^ Fellow of the Rockefeller Foundation. 
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possibility that the liver glycogen might be in part converted into hexose 
phosphate and retained as such in the liver pending its restoration to 
glycogen, there was the further possibility that hexose phosphate as well 
as glucose might find its way into the blood stream: in either case some 
change in the blood phosphates might be anticipated, and in the latter 
case it was just conceivable that the hexose phosphate of the blood might 
be considerable in amount, and since its reducing power is only about 
two-thirds that of glucose, the apparent inadequate loss of carbohydrate 
from the blood during glycogen formation might be due to the fact that 
part of what was estimated as glucose might be a quantity of hexose 
phosphate corresponding to an amount of glucose 50 p.c. greater. 

It was found by Kay [1928] that the plasma never contains appreci¬ 
able amounts of ester phosphorus. The red corpuscles, however, appear to 
contain hexose phosphate and glycerophosphate, and these in determina* 
tions by the Briggs’ method would be estimated as organic phosphorus. 
According to Kay and Robison [1924] the corpuscles act as reservoirs 
for these esters which could diffuse from them as required into the plasma. 
We therefore used whole blood for the analyses, and estimated the 
inorganic and organic phosphate as a preliminary to a proper fractiona¬ 
tion of the latter should the aggregate changes in its amount justify 
further enquiry. This in fact proved not to be the case. 


Methods. 

The methods used were in general those described by Evans, Tsai and Young, with 
the exception that the modified Shaffer-Hartmann method was employed for estimation 
of the glucose obtained from glyoogen. An outline of this valuable method has been given 
by Murphy and Young [1932], by permission of Prof. Shaffer. 

We determined the total phosphorus, inorganic phosphorus and glucose on the blood of 
cats before decapitation and at frequent intervals after decapitation. Liver samples were 
also taken for glycogen. The animals were all fasted 44-48 hours before the experiment. 

The following modified Briggs* method was used for the phosphorus determinations in 
order to permit the use of reasonably small blood samples: 2 c.c. of blood were transferred 
immediately into 8 c.c. of a 1 p.c. solution of trichloracetic acid in a centrifuge tube. 
After shaking, 1 c.c. of 40 p.c. trichloracetic acid was quickly added and the total volume 
brought to 12 c.c. with distilled water. After thoroughly shaking, the tube was centrifuged 
for 10 min. and the supernatant fluid filtered. 6 c.c. of the filtrate were then used for the 
inorganic phosphorus and two 1 c.c. portions for duplicate total phosphorus determinations. 

For inorganic phosphorus, to 5 c.c. of filtrate were added in succession 1*2 c.c. of 6JV 
H2SO4: 2 c.c. of 5 p.c. ammonium molybdate, and 1 c.c. of hydroquinone and sodium 
sulphite solution: the volume was then made up to 10 c.c. and the solutions thoroughly 
mixed. 

For total phosphorus, 1 c.c. of the filtrate was placed in a pyrex boiling tube; 1*2 o.c. of 
6N H,S04 added, and a glass ball placed on the mouth. The tube was then boiled on an 
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eleotrio heater, as desoribed by Stanford and Wheatley [1925] until the oontents charred 
and dense fumes appeared. The tube was then cooled, 0*1 c.c. of Merckxs perhydrol added, 
and the contents boiled again until the solution was clear and all the persulphate had been 
decomposed. After cooling, to the oontents of the tube were added, with thorough mixing, 
2 0 . 0 . of ammonium molybdate and 1 c.o. of hydroquinone and sodium sulphite and distilled 
water to make the volume to 10 c.c. 

For the standard 3 o.c. of KH,P 04 (1 o.o. =*0*02 mg. P) were made up in the same way as 
for the inorganic phosphorus determination. After half an hour the readings were made on 
a Klett microcolorimeter. 


Results. 


The blood 'phosphorus in the unancesthetized cat 

We found as Kay did, that there is a wide range of normal blood 
phosphorus levels in the cat. In order to get some results for the un- 
ansBsthetized animal we performed cardiac punctures on a series of cats; 
samples can thus be obtained without causing pain or struggling. In four 
cats our figures were: 


Inorganic phosphorus 
mg./lOO c.c. 

9*7 

9*3 

7*5 

5*0 

Average 7*9 


Organic phosphorus 
mg./lOO c.c. 

10*6 

10*3 

10*6 

92 

Average 10*2 


With animals under ether aneesthesia the range from animal to animal 
was very much greater, as the following examples will show: 


Inorganic phosphorus 
mg./lOO o.c. 

4*8 

8*3 

5*3 

4*1 

8*9 

71 


Organic phosphorus 
mg./lOO C.C. 

9*6 

11*8 

61 

18*1 

7*6 

11*8 


The average for all our experiments for the initial blood samples under 
ether ansesthesia was 6‘5 mg. for the inorganic phosphorus and 11-1 mg. 
for the organic phosphorus. Kay [1928] found a mean of 5*6 mg. for 
inorganic phosphorus in cats (presumably anaesthetized). His figures for 
the ester phosphorus of the corpuscles, 18-31 mg. (mean = 22), would also 
agree approximately with our figure for whole blood. In general there 
was a slightly lower value for inorganic phosphorus in the recently 
anaesthetized than in the unanaesthetized cat. This is in apparent dis¬ 
agreement with Martland and Robison [1924], who found that in 
rabbits ether anaesthesia and shock caused an increase in the inorganic 
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phosphate and also in the total phosphate, but after prolonged anaes¬ 
thesia we obtained results similar to theirs. The greater range of vari¬ 
ability in the anaesthetized animals might be due to differences in the 
depth of anaesthesia at the time when the samples were taken. 

In the individual experiments, however, the blood phosphorus level 
changed very little as will be seen. 

The effect of decapitation on the blood phosphorus. Although, on 
decapitation, we obtained the usual fall in liver glycogen with the con¬ 
comitant rise of blood glucose, and after decapitation when the glycogen 



Fig. 1. Decapitate cat. Liver glycogen, blood sugar and inorganic and organic 
phosphate of blood. Mean curves from ten experiments. 

again rose the glucose level fell, the blood phosphorus throughout showed 
little change. Such alteration as occurred, however, was fairly regular, 
and is best illustrated by Fig. 1, which represents the mean results of ten 
typical experiments. 

The liver glycogen is expressed as percentage of the calculated 
original amount present at the commencement of etherization. The blood 
glucose and organic and inorganic phosphorus are shown as mg./lOO c.c, 
of the whole blood. 

It is seen that the inorganic phosphate, which is presumed to have 
been reduced by ether from about 8 mg./lOO c.c. to about 7*1 at the end 
of 10 min., is further reduced after decapitation to about 6*1. The 
organic phosphorus shows a change in the opposite direction, from 
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11*5 mg. after 10 min. under ether, to about 12*3 after decapitation. 
The glycogen has fallen meanwhile from about 75 p.c. of the initial value 
to 36 p.c. The blood sugar changes are out of all proportion to the 
phosphate changes, the total rise of blood sugar from commencement of 
etherization to about 6 min. after decapitation being about 134 mg./ 
100 c.c. There was a subsequent slight increase in the inorganic phosphate 
up to about 50 min., and afterwards a slow fall again. The organic 
phosphorus showed changes in the opposite direction of similar magni* 
tude. During this time there was glycogen recovery. 

We have little doubt that the fall of inorganic phosphate is to be 
explained on the lines indicated by the work of Cori and Cori, viz. a 
formation in muscle (and possibly in other tissues) of hexose phosphate 
from glycogen. Whether the rise in the organic phosphate of the blood 
is indirectly connected with this it is impossible to say. We frequently 
found, as shown in Fig. 1, that at the end of the experiment when the 
blood-pressure had fallen the inorganic phosphorus rose to above the 
initial value and the organic phosphorus fell below the initial level. These 
changes, however, need not be further considered here, because, owing to 
the large removals of blood for sampling, there was less complete recovery 
of glycogen in the later stages than usually occurs; in fact in some of the 
experiments averaged out in Fig. 1 a considerable fall of liver glycogen 
occurred in the later periods. Whatever may be the cause of these 
terminal changes, they probably have no connection with our present 
problem. It is evident, on the whole, that although considerable changes 
occur in both liver glycogen and blood sugar after decapitation, the blood 
phosphorus is not affected to an extent sufficient to justify its being 
considered as connected with the presence of notable stores of carbo¬ 
hydrate-phosphoric esters in the blood itself. 

Effect of anmthesia and repeated bleeding on the blood phosphorus level. 
In two experiments cats were kept under ether anaesthesia throughout, 
and only the usual sampling of liver and blood was carried out. As 
previously reported by Evans, Tsai and Young, the liver glycogen fell 
steadily, and the blood glucose first rose and then fell. The inorganic 
phosphorus showed an insignificant fall, but rose above the initial value 
again after 2 hours; the organic phosphorus after the first two samples 
fell considerably in one experiment, from 14 to 3 mg./lOO c.c. in 1| hours, 
but later rose again to 5*7. We have not further examined these delayed 
changes., • 

Relationship of adrenaline to the blood phosphorus in the decapitate cat. 
Barrenscheen, Eisler and Popper [1927] found in rabbits that as the 
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blood glucose rose after adrenaline injection the inorganic phosphorus of 
the blood was reduced. This has been confirmed by Cori and Cori [1932], 
who explained it as due to formation of hexose phosphate in muscle. We 
performed seven experiments on decapitate cats in which adrenaline was 
introduced slowly into the femoral vein at the tiine when recovery of 
liver glycogen had occurred after decapitation, and confirmed the 
observations of the workers mentioned. The curve of blood phosphorus 
was much the same as in the experiments in which decapitation alone was 



Minutes 

Fig. 2. Effect on blood phosphate and sugar and liver glycogen of infusion of 8 c.c. 
of 1: 10,000 adrenaline into femoral vein of decapitated cat, during 10 min. 

performed, ix, there was a small fall in inorganic phosphorus and a corre’ 
spending rise in the organic phosphorus. The changes were quite small in 
amount, as shown in Fig. 2, which is illustrative of a typical experiment. 

Effect of removal of both suprarenaU on the blood phosphorus level. 
Removal of one suprarenal followed in 3 weeks by the removal of the 
other only caused a slight fall in the blood phosphorus as the following 


figures show: 

Inorganic Organic 

phos^orus phosphorus 

mg./iOO c.o. mg./lOO o.c. 

Cardiac puncture before operation 9*3 10*3 

Cardiac puncture after removal of both suprarenale 8*6 9*4 


Further work on adrenalectomized animals was not attempted 
because of their feeble resistance to experimental procedures. 
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Effect of the injection of phosphate and glucose on the storage of liver 
glycogen. Two fasted cats were decapitated in the usual way and after 
recovery of liver glycogen we gave an injection of glucose and disodium 
hydrogen phosphate, in order to see whether there would be a further 
laying down of liver glycogen. In one experiment 6 g. of glucose with 
1 g. of Na 2 HP 04 in 60 c.c. of distilled water were injected slowly into the 
femoral vein, and in the other experiment the same composition and 
amount of solution was allowed to nm slowly into the splenic vein. In 
both instances we failed to cause any considerable rise in liver glycogen, 
although in the second experiment the liver glycogen did reach a slightly 
higher level than the initial level just before decapitation. The inorganic 
phosphorus rose steadily after the infusion of the glucose phosphate 
mixture, but the organic phosphate was not appreciably altered. Intro¬ 
duction of glucose into the duodenum in another experiment failed also to 
cause any storage of liver glycogen, nor was there any change in the blood 
phosphorus level contrary to the findings of Barren scheen et al. [1927], 
McCullagh [1931] and others, who noted an increase in both organic 
and inorganic phosphorus in the blood when glucose was given per os. 

SUMMAKY. 

Decapitation of cats, or injection of adrenaline after decapitation and 
recovery, caused a fall of about 1 mg./lOO c.c. in the inorganic phosphate 
of the blood and a similar rise in the organic phosphate. These changes 
are so small as to give no grounds for supposing that any appreciable 
amounts of carbo-hydrate-phosphoric esters can enter the blood during 
decapitation, or that such compounds in the blood form a source from 
which liver glycogen is formed. 

The expenses of this investigation have been in part borne out of Rockefeller Founda 
tion Funds (to T. V.), and in part out of a Grant from the Government Grants Committee of 
the Royal Society (to C.L.E.). Our best thanks are expressed for this assistance. 
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THE BEHAVIOUR OF LIVER GLYCOGEN IN 
EXPERIMENTAL ANIMALS. 

IV. The effect of some anaesthetics. 

By G. E. MURPHYi and F. 6. YOUNG®. 

{From the Department of Physiology and Biochemistry^ 
University College, London.) 


JOURNAL OF PHYSIOLOGY 
Vol. LXXV, page 885 

ERRATUM 

Table I, Column A, 1st line 

for 1*2 read 7*2 


muinou. iToi. Miaiier nas Kindly turnishecl us (through Prof. Lovatt Evans) with the 
unpublished details of the modifications of the original procedure, and with his permission 
we herewith include those, as we find the method as now modified to be entirely satisfactory 
and to give theoretical results with pure glucose. 


Modified Shaffer^Hartmann reagent. 


NojCO* 
NaHCOg 
Rochelle Salt 
^CuSOi 
KIO, 


25 g. per litre 
20 „ „ „ 

25 „ „ „ 

7*5 

100 to 300 c.c. of a solution 0*1 N as to 


(We add 0-801 g. of KIO, per litre.) 


5 c.c. of the neutralized glycogen hydrolysate are added to 5 c.c. of the above reagent 
and the mixture heated, in test-tubes (25 x 200 mm.) covered witl^ glass bulbs, for 15 min. 
in a rapidly boiling water bath. After cooling in water to each is added 2 c.c. of a solution 

1 Bayliss-Starling Scholar. * Sharpey Scholar. 

PH. LXXVI. 


26 
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containing 2*5 p.c. of potassium iodide and 2*5 p.o. of potassium oxalate, and this is followed 
by 5 c.c. of NK^SO^. The tubes are kept covered by glass bulbs and, after shaking and 
standing for 5 to 10 min. to ensure complete solution and reoxidation of cuprous oxide and 
iodide, the mixture is titrated with 0*005 N thiosulphate. For calculating the results a 
curve may be constructed from the following data, supplied by Prof. Shaffer. 

Table I. 

Titration difference 
5 c.c. c.c. of 0*005 thiosulphate 

18*20 
16*95 
9*00 
4*48 
0*85 
0*42 


Mg. glucose in 

2*00 

1*75 

1*00 

0*50 

0*10 

0*05 


Effect of sampling on glycogen content of lobes of the liver. 

In accordance with the results described in the previous paper [Evans, Tsai and 
Young, 1931] the glycogen contents of different lobes of the liver have been considered to 
be comparable. 

In order to determine whether the glycogen content of a lobe was significantly altered 
by the taking of samples, a number of simultaneous determinations w^ere made on lobes, 
some of which had previously been sampled, and some of which had not, with the following 
results. 


Table II. Glycogen content of used and unused liver lobes. 

Used lobe Unused lobe 

Exp. 

p.c. 

p.c. 

206 

0*78 

0*44 

206 

0*17 

0*13 

206 

1*33 

1*43 

208 

1*26 

1*02 

208 

1*16 

1*06 

222 

0*47 

0*19 

223 

0*31 

0*22 

227 

3*22 

3-29 

230 

2*45 

2*27 

232 

0*12 

0*05 

238 

0*40 

0*31 

239 

1*82 

1*95 


Average 1*124 Average 1*030 
Standard deviation =0*087. Standard deviation =0*094. 


Unexpectedly it seems that the average of the used lobes is 0*094 p.c. greater than that 
of the unused lobes, i,e, nearly a 10 p.c. relative error. 

Calculation of the standard deviation of the average for used and unused lobes suggests 
that this difference may or may not be significant, but w'hatever conclusion Is drawn, it is 
certain that the glycogen content of used lobes is not lower, on the average, than that of 
unused lobes. 

In a few cases one or more lobes appeared dark and bruised in consequence of handling 
or other injury. The glycogen content of such lobes was lower than that of the lobe which 
appeared quite normal, and histological examination showed that in the bruised sample 
there was stasis and congestion in the vessels and shrinkage and cytoplasmic cloudiness in 
the cells. 
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Blood sugar has been determined throughout by the method of Hagedorn and Jensen 
[1923]. Although S o mo gy i [1926] and others have shown that this method includes in the 
result what Benedict [1931] has termed **Baccharoids/’ yet since we were interested 
principally in the relative blood glucose changes, we considered the method to be sufficient 
for our purpose. 

At the beginning of each experiment we took a sample of normal blood from the ear for 
sugar determination. It was usually found possible to obtain such a sample without the 
slightest struggle while the cat was sitting peacefully on the table. In the few cases where 
struggling occurred the blood sugar level was always considerably above the average, and 
those results were not included in the average figures. 

All the cats used in this investigation were fasted for 44-48 hours before the experiment. 

Results. 

Normal blood sugar of cats. 

During the course of investigations in this laboratory blood samples from 89 unanses- 
thetized cats have been taken. The average blood sugar level of these animals was found to 
be 94*5 mg. p.c. (min. 62, max. 122). 

In Table III are given the averages over various periods. 


Table III. Average blood sugar for cats fasted 48 hours 
(Hagedorn and Jensen method). 

Blood sugar (mg. p.c.) 




^- 

A _ 

Average 

Period 

No. of cats 

Max. 

Min. 

11. xi-lO. xii. 31 

22 

120 

79 

98*8 

11. xii. 31-26. i. 32 

29 

118 

70 

95*7 

27. i-9. ii. 32 

15 

122 

87 

970 

10. ii-25. iii. 32 

23 

121 

62 

86*9 


Duringperiod 9. ii-4. iii. .‘12, which included the coldest weather during the time of 
these experiments, the average blood sugar for 12 cats was 81*7 mg. p.c. The houses in 
which the animals are kept before experimentation are maintained thermostatically at a 
temperature of 60° F. The average duration of stay in the animal house is 4 days. 

Whether the variation of average blood sugar for dilTerent periods shown in Table III 
is fortuitous, seasonal or dependent on temperature is, however, impossible to determine. 

Effect of chloroform. 

The induction of chloroform anaesthesia was effected by the use of an 
open mask, and continued after insertion of a tracheal T-cannula, by 
connecting this with a Woulffe^s bottle containing chloroform, access of 
air being regulated by a screw clip on the side tube. In Fig. 1 are shown 
the average curves for liver glycogen and blood sugar obtained from 
three experiments. The liver in each case initially contained about 2 p.c. 
of glycogen, and the average curve has been extrapolated to 0 min. 

It has been shown [Evans, Tsai and Young, 1931] that etherization 
for 60 min. reduces the liver glycogen to about 50 p.c. of its original 
level in cats. After 50 min. the liver glycogen content tended to rise 
slightly. 

26—2 
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As was to be expected from its known toxic action on tbe liver, 
oblorofonu bas a considerable effect on the glycogen content, reducing it 
to about one-quarter of the initial amount in 50 min. The blood sugar was 
also higher than that found under ether anaesthesia. 



Pig, 1. Effect of chloroform ansesthesia on blood sugar and liver glycogen. Mean curves for 
three experiments. Chloroform begun at 0 min. 


Effect of amytal, 

Amytal (isoamyl ethyl barbituric acid) was one of the first aneesthetics 
shown to have little effect on the blood sugar level [Page, 1923; 
Edwards and Page, 1924], but in a previous paper [Evans, Tsai and 
Young, 1931] from this laboratory it was stated that amytal ansesthesia 
causes a considerable loss of liver glycogen in cats. This has been con¬ 
firmed in the present investigation and the average blood sugar and liver 
glycogen curves for four experiments are given in Fig. 2. 

We have found 100 mg. per kg. a generally satisfactory dose for intramuscular or intra- 
peritoneal injection, but greater amounts (up to 160 mg. per kg.) are required subcu¬ 
taneously. 

Dann and Chambers [1932] have recently noted that the dose of am 3 rtal we used for 
cats (70-160 mg. per kg.) was considerably in excess of that required for dogs in their ex¬ 
periments (60 mg. per kg.), and consider that for dogs, at any rate, amytal anessthesia is 
suitable for the study of carbohydrate metabolism. 
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We have invariably found with oats that if leas than 70 mg. per kg. was injected intra* 
musoularly satisfactory anaasthesia did not result even after 2 hours, at which time a 
further injection of 30 mg. per kg. produced surgical anaesthesia in 30 min. Our amytal was 
supplied by British Drug Houses, Ltd., and for injection was completely dissolved in 
5~6 o.c. of dilute NaOH by warming to 50^ G., the excess alkali being neutralized by dilute 
acetic acid, until the solution was faintly opalescent, one drop of alkali then being added to 
ensure complete solution, 

Zerf as et al, [1928] find the intravenous anaesthetic dose for dogs to be 40-50 mg. per 
kg., whilst in man it is 20-25 mg. per kg., and they stress the fact that the pH of a 10 p.o. 
solution of the sodium salt of amytal in distilled water is 9*5-9*8, and claim that this pH 
gives a maximum anaesthetic efiect in dogs with a minimum degree of toxicity. Lowering of 
the alkalinity of a 10 p.c. solution to pH 9‘2-9‘3, which causes some cloudiness, causes a 
striking loss in anaesthetic power, and a definite increaise in toxicity. 



Fig. 2, Efiect of amytal anaesthesia on liver glycogen and blood sugar. Mean 
of four experiments. Surgical anaesthesia about 100 min. after injection. 


Page and Coryllos [1926] state that whereas 50 mg. per kg. intravenously is the 
anaesthetic dose for dogs, 15-20 mg. per kg. more is required for intraperitoneal injection. 
Fitch and Tatum [1932] find that the minimum lethal dose intraperitoneally for rabbits 
is 90 mg. per kg. 

We are informed by Dr L. E. Bayliss (private communication) that he finds the amytal 
available in this laboratory to be less potent than that used by him at Harvard University 
(presumably Lilly’s), of which he found 100 mg. per kg. to produce surgical ansesthesia in 
cats in 16 min. The amytal he used at Harvard was incompletely soluble in alkali, and after 
filtration was injected in alkaline solution, without neutralization. 

We cannot explain this difference in potency of the amytal from these two sources. 

Effect of dial. 

Diallyl barbituric acid or dial (Society of Chemi<jal Industry in Basle) 
was found to be effective in doses of 0’12 g. per kg. when dissolved in the 
same way as with amytal, surgical antesthesia being induced in about an 
hour. The effect of dial in lowering liver glycogen and raising blood sugar 
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Fig. 3. The effect of dial anaesthesia on liver glycogen and blood sugar. 



iig. 4. Effect of luminal anaesthesia on liver glycogen and blood sugar. Mean of three 
experiments. Curve extrapolated to 100 p.c. liver glycogen at 0 min. 
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was found to be considerably greater than that of amytal, and the 
results are given in Fig. 3. 

In spite of the fact that anaesthesia was very deep, the fall of liver 
glycogen content was extremely rapid, although the blood sugar was not 
raised above 175 mg. 

Effect of luminal. 

Sodium luminal (the sodium salt of phenyl ethyl barbituric acid 
(Bayer Products, Ltd.) in doses of 120-150 mg. per kg. in aqueous solution 
intraperitoneally was found to produce surgical anaesthesia in 20 min. 
In Fig. 4 are given the average liver glycogen and blood sugar curves for 



Fig. 5. Effect of luminal antesthesia on liver glycogen and blood sugar after 9 hours of 
antcsthesia without liver sampling. 

three experiments in which the initial liver sample was taken immediately 
after induction. 

Arnell [1928] has stated that sodium luminal is without action on the 
sympathetic and the “parasympathetic” nervous systems. If this is so 
then it might be expected that if reflex effects were avoided this anaesthetic 
would have little effect on the glycogen stored in the liver. 

This, however, was found not to be the case. The blood sugar pro¬ 
gressively rose for 270 min. after which it fell, whilst the liver glycogen 
continuously diminished. 

Figs. 5 and 6 give the results of two experiments in which the animal 
was allowed to remain ansesthetized during a long preliminary period 
before a liver sample was taken for analysis. By this means it was hoped 
that the liver glycogen would come to a steady state in which glycogeno- 
lysis was equal to glyconeogenesis. 
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Durmg this preliminary period tlie temperature of the animal was 
carefully maintained at 37-6-38'6° C. on a hot plate, and water admin¬ 
istered by a stomach tube if necessary. In one case blood sugar samples 



Fig. 6. Effect of luminal ansEssthesia on liver glycogen and blood sugar, 
after 1000 min. of ansBSthesia without liver sampling. 



were taken from the ear vein during this time, the curve being given in 
Fig. 7. 

In the case of Fig. 5 the initial liver sample, which contained 8 p.c. 
glycogen, was taken after 9 hours of anaesthesia, and during the further 
period of 180 min., from 660 until 840 min., the liver glycogen and blood 
sugar showed little change. 
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In the experiment shown in Fig. 6, however, in which the initial liver 
sample was taken 17 hours after induction of anaesthesia, and contained 
1*4 p.c. of glycogen, the liver glycogen content did not remain steady for 
any appreciable period, although from 1100 until 1220 min. the fall was 
very small. 

Effect of numah 

Numal-Roche (the diallyl isopropryl barbiturate of diethylamine) is 
supplied by the makers in a 10 p.c. solution. Hoet and Ernould [1930] 
have found that this anaesthetic does not affect the blood sugar in rabbits. 



Pig. 8. Effect of numal anaesthesia on blood sugar and liver glycogen. Dose 0*7 c.c. per 
kg. intraperitoneally. Glycogen content of first sample in both cases approximately 
3 p.c. 

but Clark [1931] found that during surgical anaesthesia by numal in 
rabbits, and probably in cats, the hyperglycaemia following the intra¬ 
venous injection of glucose is prolonged. 

We have found (Fig. 7) that in an experiment in which blood samples 
were taken at intervals from the ear veins of two cats before and during 
induction of anaesthesia with numal, the average blood sugar steadily 
rose from 80 to 160 mg. in 500 min. 

We have found the intraperitoneal injection of 0*6-0'8 c.c. per kg. 
of numal to be effective in producing surgical anaesthesia in about 
100 min. in cats. 

In Fig. 8 are given the results of experiments in which the liver 
samplings extended from 100 to 600 min. after the injection of numal, 
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whilst in Pig. 9 are given the results of two experiments in which a 
preliminary period of about 10 hours of ansesthesia preceded the liver 
sampling. In another experiment (Pig. 10) the first liver sample was 



Fig. 9. The effect of numal ana&sthesia on blood sugar and liver glycogen: 600-700 min. of 
aneesthesia previous to liver sampling. 



Fig. 10. Effect of numal ansesthesia on blood sugar and liver glycogen. First liver 
sample taken immediately after induction, the second 10 hours later. 

taken immediately after ansesthesia had become satisfactory, the next 
being taken 10 hours after. 

It seems from these results that the effect of numal ansesthesia on 
liver glycogen is very variable, though in all cases except one there was a 
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decided fall in the liver glycogen content, but it is difficult to explain the 
discrepancy between the glycogen curves shown in Pig. 9, as these two 
experiments were performed under similar conditions. 

Effed of 'pernodon. 

Pemocton is the sodium salt of sec. butyl bromallyl barbituric acid 
and is supplied by its makers (J. D. Riedel, Berlin) in 10 p.c. solution. 
The dose recommended is 1 c.c. per 12^-15 kg. body weight, but we found 
0'5 c.c. injected intraperitoneally did not anaesthetize a cat weighing 
2 kg. in 2 hours, after which time a further injection of 1 c.c. produced 



Fig. 11. The effect of pemocton anesthesia on liver glycogen and blood sugar. 

surgical ansesthesia after 1 hour. The effect on liver glycogen and blood 
sugar is shown in Fig. 11. 

According to Dimitrijevid [1930], in dogs the margin between 
surgical anaesthesia and death is narrow, and small rises of blood sugar 
occur under pemocton anaesthesia, though Matakas [1931] finds blood 
sugar and lactate are unaffected. 

Effect of chhralose, 

Vincent and Thompson [1928] found that cUoralose raised the 
blood-pressure of cats and suggested that the secretion of adrenaline had 
been stimulated, but Tournade and Hermann [1928] could find no 
evidence for this theory. 
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We have found, in conhrmation of Griffith [1923], that chloralose 
affects the blood sugar level very little, the theory of increased adrenaline 



Fig. 12. Effect of chloralose anaesthesia on blood sugar and liver glycogen. 



Fig. 13. Effect of chloralose anaesthesia on blood sugar and liver glycogen: 
6^ hours of anaosthesia previous to liver sampling. 


stimulation being thus not substantiated. Nevertheless, under the anses- 
thesia produced by subcutaneous injection of 0*1 g. per kg. body weight, 
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it was found, as it was by Bodo and Neuwirtb [1931] in dogs, that the 
liver of cats rapidly lost glycogen (Fig. 12). 

In Fig. 13 is given the result of one experiment in which a preliminary 
period of blood samples under chloralose anaesthesia preceded the taking 
of liver samples. In this cat the fall of glycogen was rapid at first followed 
by a period (600-620 min.) during which there was little fall, and again 
succeeded by another rapid fall. On the whole, however, the glycogen 
disappeared from the liver more quickly than in the short period experi¬ 
ments with chloralose. 

In view of the very small change in blood sugar of cats anaesthetized 
with chloralose, the increasing rate of disappearance of liver glycogen 
with increasing time is rather surprising. 

Magenta [1927] finds that chloralose causes a rise of blood sugar in 
the first 16 min., this being followed by a fall for 30-60 min. We found that 
the effect on the blood sugar was rather a slight fall at first with a slight 
rise after 6 hours. This eliminates the possibility that chloralose exerts its 
narcotic effect by the liberation of small quantities of either chloral or 
chloroform, as both of these anaesthetics produce a considerable h 3 q)er- 
glycaemia [Steinmetzer and Swoboda, 1928]. 

NeynbutaL 

It has been suggested that nembutal (E. H. Spicer and Co.) has less effect on the liver 
than other anaesthetics used clinically, and wo have carried out one experiment vith this. 
As with other anaesthetics the liver glycogen fell continuously while the blood sugar rose 
somewhat. 

Discussion. 

Of the various anaesthetics we have tried, the blood sugar was least 
affected by chloralose, and, of the barbituric acid derivatives, least by 
amytal. 

It is obvious that no anaesthetic that we have tried leaves the carbo¬ 
hydrate metabolism of the body undisturbed, under the conditions of our 
experiment, which involved the taking of successive samples of the 
liver. It would in fact appear very unlikely that any method of anaes- 
thetization would eliminate the reflex glycogenolysis consequent upon 
operative procedures, without exerting some direct toxic action on the 
liver instead. 

It seems, on the evidence of extrapolation, which is only approximate 
in view of the long period between induction an<f commencement of 
sampling, that the fall of liver glycogen, which is probably continuous 
from induction, is accelerated by the process of sampling. 
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It was also clear from experiments in which blood sugar deter¬ 
minations were made during a preliminary period of anaesthesia that 
the blood level was raised somewhat as soon as sampling of the liver 
commenced. 

The rise in blood lactate and blood glucose, and the fall in alkali 
reserve [Fuss, 1931] under ether anaesthesia, together with the fall in 
liver glycogen, can in part be attributed to asphyxia, to a direct action 
of the anaesthetic on the liver, and to the liberation of adrenaline from 
the suprarenals [Macleod, 1926; Evans, Tsai and Young, loc. dt,]. 
Chloroform would appear to have a still more potent action of the same 
nature. 

Brown and Garry [quoted by Clark, 1931] find that chloralose has 
less effect on the autonomic nervous system than any other anaesthetic 
they have tried. In experiments with cats under chloralose, Clark [1931] 
denervated the liver and tied off the suprarenals: he then found that there 
was a steady fall in blood sugar which was accelerated for a short time by 
the cutting of the right vagus. If his interpretation of this, i.c. that the 
vagus carries inhibitory fibres to the islets of Langerhans, be accepted, 
it seems possible from our experiments that chloralose may decrease 
the action of these inhibitory fibres, thus resulting in a liberation of 
insulin. 

In those experiments in which the animal was kept under luminal 
or chloralose anaesthesia for a considerable period before the first 
liver sample was taken, there was, as shown by the curves (Figs. 5 
and 13), a period during which the fall of liver glycogen was 
negligible. 

During this period glycogenolysis was apparently either suppressed 
completely, or else was equal to the glycogen formation from protein fat 
or lactate: formation of glycogen from glucose is ruled out, in the case of 
luminal at least, by consideration of the blood sugar curves. 

With numal anaesthesia in two cases. Fig. 8, Exp. 189, and Fig. 9, 
Exp. 187, the liver glycogen actually began to rise after the preliminary 
fall, the rise in each case being accompanied by a slight rise in blood sugar. 
It is clearly evident that glycogen formation could not have occurred 
from blood glucose, as this was rising, so that it must have taken place 
from some other source, possibly by glyconeogenesis, although evidence 
considered later tends to the view that amytal anaesthesia inhibits 
glyconeogenesis. 

In most cases it is clearly impossible to account for the disappearance 
of liver glycogen by an increase in blood sugar. This is most clearly 
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seen in the action of chloralose^ as the following detailed protocol 
shows: 


Cat. $. 

2*10 kg. Fasted 44 hours. 

Blood 

Liver glycogen 

Time 

11.05 

Blood sample from ear 

glucose 

p.c. 

0101 

p.c. 

(mean of two) 

11.06 

Chloralose. 0-12 g./kg. intraperitonoally 

— 

— 

11.27 

Blood sample 

0-098 

— 

11.58 

Liver samples 

_ 

3-48 

11.59 

Blood sample 

0104 

_ 

3.07 

Blood sample 

0097 

— 

3.14 

Liver samples 

— 

2-21 

5.00 

Blood sample 

0111 

— 

5.01 

Liver samples 

— 

0-88 

5.50 

Blood sample 

0113 

— 

5.52 

Liver samples 

— 

019 


Assuming that the blood sugar is in equilibrium with a volume of 
blood pliLS tissue fluids together equivalent to one-third of the body 
weight, the cat used in this experiment had 700 c.c. of fluid available for 
diffusion. At the beginning of the experiment the liver weighed 47 g., so 
that a fall of liver glycogen content from 3*48 p.c. at 11.58 a.m. to 2*21 
p.c. at 3.14 p.m. should cause a rise of blood sugar of 0*085 p.c., i.e. 
glucose was being removed at the rate of 0*026 p.c. per hour (== 0*18 g. 
per hour). 

In three experiments in which muscle and liver glycogens were 
determined at 60 and 350 min. after chloralose injection it was found that 
on the average the fall of liver glycogen during the period 100-350 min. 
was 0*65 p.c., whilst the muscle glycogen fell by 0*04 p.c. 

The livers were weighed in each case, and the average loss of liver 
glycogen was calculated to be 0*46 g. Assuming that the musculature of 
the animal was equal in weight to one-half of the total weight of the 
animal the fall in muscle glycogen accounted for the disappearance of 
0*93 g. of glycogen. During this period the blood sugar rose by an average 
of 20 mg. p.c., whilst the blood lactate fell by an average of 5 mg. p.c. 

If the assumption is made that the volume of fluid in equilibrium with 
the blood sugar and lactate is equal to one-third of the body weight 
[Evans, Tsai and Young, 1931], then the rise of blood sugar and fall of 
lactate can together account for the disappearance of 0*17 g. of glycogen 
from the liver and muscles. 

Thus of the 1*39 g. of glycogen which disappears from the glycogen 
stores of the body, only 0*17 g. can be accounted for ift the blood, leaving 
a balance of 1*22 g. A similar result is obtained for experiments under 
amytal; presumably the 1*22 g. of glucose disappearing in 4 hours can be 
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more than accounted for by combustion in our experiments [Besti Bale, 
Hoet and Marks, 1926]. 

The question that remains, however, is, why do the glycogen stores 
of the anaesthetized cat suffer this depletion during a period that leaves 
the glycogen of an unanaesthetized cat materially unaffected? 

The basal metabolic rate of amytalized animals differs little from the 
normal [Lee, 1928; Deuel, Chambers and Milhorat, 1926], and 
similar results would be expected for other anaesthetics, so that increased 
^ metabolism would not account for this difference. 

The most reasonable assumption would seem to be that in the normal 
imanaesthetized animal the liver is continuously manufacturing glycogen, 
and that this “secretion** is inhibited by anaesthesia. 

That amytal inhibits experimental hyperglycaemia has been confirmed 
by Olmsted and Giragossintz [1931] in the case of hyperglycaemia 
due to morphia and to asphyxia, and by Donhoffer and Macleod 
[1932] in the case of that due to asphyxia; Olmsted and Giragossintz 
[1931] suggest that amytal anaesthesia tends to inhibit glycogenolysis. 

Donhoffer and Macleod [1932] have suggested that in the fasting 
rabbit decerebrated through the pons and with little liver glycogen, 
hyperglycaemia is due to stimulation of the glyconeogenic process in the 
liver by way of the parasympathetic nerves, and that this glyconeogenesis 
is inhibited by administration of atropine with section of both vagus 
nerves, and by amytal. 

In view of recent evidence suggesting that amytal inhibits the 
parasympathetic [Weiss, 1929; Leib and Mulinos, 1929; Shafer, 
Underwood and Gaynor, 1930; Garry, 1930; Olmsted and Giragos¬ 
sintz, 1930; Donhoffer and Macleod, 1932] it would seem possible 
that the fall of liver glycogen under amytal anaesthesia is due to inhi¬ 
bition of the parasympathetic, and consequently of glyconeogenesis. 
Whether such a statement is true for other anaesthetics, in particular, for 
chloralose, cannot be decided on the available evidence. 

However, as all anaesthetics that we have tried cause a decrease of 
liver glycogen under the conditions of our experiments, we must draw the 
conclusion that such conditions are unsuitable for the sudy of carbo¬ 
hydrate metabolism of the normal unanassthetized animal. 

Summary. 

1. The effect of anaesthesia by chloroform, amytal, luminal, dial, 
numal, pernocton, chloralose on blood sugar and liver glycogen of the cat 
has been investigated. 
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2. In all the experiments in which liver samples were removed at 
intervals for analysis, it was found that the liver glycogen content fell 
throughout, or at some time. 

3. Of the ansBsthetics tried, on the average there was least fall of 
glycogen with amytal, whilst chloralose had least effect on the blood 
sugar. 

4. In experiments in which the animal was anaesthetized some hours 
before the first liver sample was taken, the liver glycogen curve showed a 
‘‘plateau,’* for the duration of which the fall of liver glycogen was small. 

5. This can be considered to be evidence of the formation of glycogen 
in the liver, from non-carbohydrate sources. 

6. It is concluded that experiments carried out under the above 
anaesthetics involving the taking of liver samples from experimental 
animals are unsatisfactory. 

We wish to express our thanks to Prof. C. Lovatt Evans for much 
helpful advice and criticism, and to Mr C. A. N. Evans for technical 
assistance. We are also indebted to the Clayton Aniline Co. for samples of 
dial, to the Hoffman-la-Roche Co. for supplies of numal, and to Messrs 
Spicer for Nembutal. 

Part of the* expenses of this investigation were borne out of a grant from the 
Government Grants OommitU*e of the Royal Society to one of us (F.G.Y.), We wish to 
express our thanks for this aid. 
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THE BEHAVIOUR OF LIVER GLYCOGEN IN 
EXPERIMENTAL ANIMALS. 

V. Some factors affecting liver glycogen recovery 
in the decapitate cat. 

By C. LOVATT EVANS, G. E. MURPHY^ 

AND P. G. YOUNG*. 

{From the Department of Physiology and Biochemistry, 

University College, London,) 

Introduction. 

The observation by Olmsted and Coulthard [1928] that the liver 
glycogen of the cat, lowered by decapitation, subsequently shows con¬ 
siderable recovery, was further investigated by Evans, Tsai and 
Young [1931 6] who pointed out that the decapitate animal during this 
recovery exhibits a rate of glycogen formation not to be obtained in any 
other laboratory preparation. 

In continuance of that work we have further investigated some of the 
factors which may play a part in causing the restoration of liver glycogen 
in the decapitate cat. 

The present paper deals principally with further consideration of the 
methods used, and with the influence of alterations in the amount and 
composition of blood supplied to the liver. 

Methods. 

The methods used M'ero those described in the previous papers of Evans, Tsai and 
Young, and Murphy and Young [1932] with the following minor alterations: 

(1) In order to ensure proper artificial respiration, the cats were ventilated, from just 
prior to decapitation, with a known volume of air (600-1000 c.c. per min., according to the 
weight of the animal). The double-action Schuster [1922] pump was generally used, but 
the Starling Ideal [1926] or the Olmsted and Taylor pump were employed on occasion. 

(2) Carotid blood-pressures were taken at the times of blood sampling, and were usually 
found to remam constant at 60-80 mm, Hg, for several hours after decapitation. The fall 
to below 50 mm. after about 300 min. was often accompanied by a fall in liver glycogen. 
The average of 30 experiments showed that this deterioration began after the removal of 
4.3 duplicate samples, at 260 min. after ether induction, and wall sometimes accompanied 
by a slight terminal rise in blood sugar level. 

^ Bayliss-Starling Scholar. * Sharpey Scholar. 
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The procedure in the experiments was usually as follows: The cats were fasted for 44-48 
hours. After taking a blood sample from an ear vein for blood glucose estimations, ether 
was given by an open mask, and all times were measured from the beginning of ether 
anesthesia. Usual times for the ensuing procedures were: 

0 min. Ether anesthesia commenced. 

4-6 min. Duplicate liver samples for glycogen. Tracheal cannulation. 

12 min. Both carotids tied. Carotid blood sample. 

17-26 min. Decapitation complete. Artificial respiration on. Ether off. 

Then carotid samples and liver samples having been taken and blood-pressure records 
started, the experimental manipulation proper to the particular experiment was begun, and 
at suitable intervals subsequently carotid blood-pressure was noted, and blood and liver 
samples were taken. 

After each removal of liver samples any scraps were also w^eighed, and at the end of the 
experiment a post-mortem examination of the carcase w^as made and the remaining liver 
weighed. The weight of the liver at each stage of the experiment could then be computed. 

I. Further considerations regarding the methods. 

(1) Water content of liver and blood. 

It was just conceivable that the increase in liver glycogen in our 
preparations might be in part due to a loss of water from the liver. A 
number of liver samples were accordingly taken at various stages of the 
experiment, and dried to constant weight at 110° C. The moisture content 
estimated thus was foimd to be 69 p.c. ± 1 p.c., and under the conditions 
of the average experiment was found to be constant. This is in agreement 
with Bridge and Bridges [1931], who find in a series of rabbit livers 
with widely varying glycogen contents, a water content of 72 i 4 p.c. 
Puckett and Wiley [1932] and MacKay and Bergman [1932] give 
similar values. We see no reason to differ from the conclusions of these 
various authors, or to suppose that in acute experiments such as our 
own the glycogen content is appreciably affected by water changes. The 
heemoglobin content of the blood was also reasonably constant during 
the time of the experiments. 

(2) Fat content of the liver. 

In some preliminary experiments liver fat was estimated in successive 
samples, using the technique of Hynd and Rotter [1930], with a view 
to testing the theory, originally advanced by Rosenfeld [1903], of the 
reciprocal contents of fat and glycogen in the liver. In one experiment, 
shown below, there was a slight increase in “fat"’ (calculated from 
the fatty acid values with assumed mean molecular weight of linoleic 
acid — 280), but as there was no indication of any reciprocal adjustment 
between liver fat and glycogen contents in these experiments the subject 
was not further pursued. 
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JExp. 227. Cat. 2*25 kg. Fasted 44 hours. 

Liver 


Min. 

Glycogen 

Fat 

Moisture 

p.c. 

p.c. 

p.c. 

5 

4*50 

7-61 

680 

29 Decapitation 

— 

— 

— 

42 

1-86 

8-42 

69*7 

147 

3-22 

8-70 

69-5 


(3) Method of liver sampling. 

The extended experience which has been gained with the methods 
employed for liver sampling has shown some important features which 
bear upon the interpretation of the results. 

The experimental errors in the actual determination of glycogen in a given pair of 
duplicate samples are small and are chiefly due to the slightly greater degree of glycogen- 
olysis in the second sample as compared with the first, and to experimental errors involved 
in the subsequent estimation. On the average these two sources of error only affect the 
results to the extent of 0*1 p.c, of glycogen. 

The taking of two pairs of samples, at intervals, from the same lobe of the liver also does 
not result in the second samples giving too low values as compared with fresh lobes; indeed, 
as Murphy and Young [1932] have shown, the average for the second sample is usually 
very slightly raised as compared with inta(‘t lobes. 

A more real source of error is the occasional variation in glycogen content from lobe to 
lobe, for although, as previously pointed out by Evans, Tsai and Young [1931a], on the 
average the lobes contain equal percentages of glycogen, still the occasional variations 
which are encountered make it important not to place too much reliance on the results of 
individual experiments. As would be expected, especially fluctuating results, with main¬ 
tained high blood sugar and poor recovery of glycogen after decapitation, are liable to be 
encountered in those experiments which involve much manipulation of the abdominal 
viscera, including the liver itself: such manipulation or cooling of the viscera must therefore 
bo reduced to a minimum. 

It is our practice to weigh all the liver tissue removed at each stage, 
since the amount of liver remaining intact is of importance for two 
reasons. First, the removal of too much liver tissue might lead to portal 
obstruction, and this is particularly likely to happen if the lobes are 
sampled too far from their margins. The intestines were always carefully 
observed to ensure that there was no congestion. Secondly, as the liver 
is reduced by the taking of successive samples, an increase in its glycogen 
content becomes less and less significant to the balance-sheet of the whole 
body. An examination of 15 successive experiments taken at random 
showed that the livers had at the commencement of the experiments an 
average weight of 73*2 g. (2*8 p.c. of the body weight): the average 
weight of each sample (duplicate) removed, together with waste, was 
2*48 g., i.e. in the taking of an average of nearly six samples some 14*7 g. 
of liver tissue (20*2 p.c. of the weight of the liver) were actually cut away. 
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But, in fact, more than this amount was put out of circulation by being 
enclosed between the bamboo strips or tapes used to check haemorrhage; 
this amount varies with the number of lobes sampled and so with the 
number of strips or tapes simultaneously present on the liver. Estimating 
the tissue thus excluded, in the 15 experiments quoted above, the average 
loss by exclusion from the circulation of functional liver tissue amounts to 
about 3-3 g. per sample taken (2-43 min., 3*89 max.), which would mean 
that after six samples 19*8 g. of liver (27 p.c. of its weight) were out of 
commission. We do not consider it safe to go beyond this amount. 

Now, supposing we start with a liver weighing 75 g. and containing 
1*66 p.c. glycogen at the first sample, 0*66 p.c. after decapitation, 1*1 p.c. 
at the 100th minute and 1*58 p.c. at 300 min. (as in Evans, Tsai and 
Young^s averages), and calculate the actual glycogen contents, with and 
without allowance for the reduction of liver tissue by three samples 
removing 3*3 g. each: 

Reduction of tissue 


Liver 

glycogen p.c. 


Not allowed for 


Allowed for 


After let sample 
„ 2nd „ 

„ 3rd „ 

,, 4tli ,, 

1-65 
0-66 * 
110 
1-58 

l-240\ 

0*495/ 

0*820 

1*180 

=0*745 g. loss 

=0*325 g. gain 
=0*360 g. gain 

M86\ 

0*450/ 

0*710 

0*970 

=0*735 g. loss 

=0*260 g. gain 
= 0*260 g. gain 



Total gain 

=0*685 g. 

Total gain 

=0*520 g. 


Similarly, whereas Evans, Tsai and Young [19316, p. 94] calculate 
that between the 100th and 300th min. a 70 g. liver has gained 0*34 g. 
glycogen, recalculation shows that if two samples were taken, one at each 
of those times, the actual gain would be 0*32 g. The error due to loss by 
sampling does not appreciably afiect their actual argument, but, as 
shown above, it becomes considerable when several successive samplings 
are considered. It will be evident that losses of total liver glycogen to the 
remainder of the body are also apparently increased, though to a smaller 
extent, by successive sampling. 


(4) Mode of expressing liver glycogen changes. 

The method used by Evans, Tsai and Young for expressing their 
results was to take a first sample under ether, and then calculate from this 
what was the approximate initial glycogen percentage before ether was 
given. This procedure involved the assumption that the livers of different 
animals lost the same fraction of their glycogen in the same time, while 
under ether; but it can be shown that if the animal has not been for many 
minutes under ether, the error is not likely to be great. The glycogen 
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contents throughout the experiment were then expressed as a percentage 
of this inirial value. It was clear that this method left much to be desired, 
since the actual glycogen percentages in the livers of different 44-hour 
fasted cats varied greatly (from 0-33 to 10-0 p.c. in our joint experience), 
so that a loss or gain of a given percentage of the initial glycogen might 
represent widely differing amounts of glycogen. Careful inspection of all 
our results revealed the fact that often, though not invariably, the most 
rapid recovery was apparent in those experiments in which the initial 



Fig. 1. Graph showing fall and recovery of liver glycogen of decapitate c-ats. Decapitation 
at the arrow marked D. Above each curve is shown the initial liver glycogen content. 

concentration of glycogen was low, and in those experiments, moreover, 
a greater fraction of the liver glycogen was lost on decapitation. These 
facts are illustrated by Fig. 1 which gives the curve for four experiments 
taken at random and expressed in the manner described above. 

It is clear from this example, as from most of our results, that the 
livers with the lower glycogen contents have lost a greater fraction of 
their glycogen on decapitation and have regained a still greater proportion 
of it on recovery: this is shown clearly by examifiation of the slopes of 
the recovery curves. Further examination shows that there was often a 
tendency for livers of similar size to recover total weights of glycogen of 
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about the same order during the same time in the early periods of the 
recovery. The weights of glycogen recovered were, however, not suffi¬ 
ciently near together to make it worth while expressing our results in that 
form for most of our purposes. We shall therefore adhere to the method 
previously employed, though it is important to bear in mind that the 
result^ of individual experiments cannot be properly compared with one 
another unless, among other identical conditions, their initial glycogen 
contents are similar. 

It is perhaps not without significance in the present connection that 
Donhoffer and Macleod [1932] found with rabbits that after decere¬ 
bration at the pons the liver glycogen was usually reduced, but that if the 
initial glycogen was below 0-7 p.c., there was an increase after decere¬ 
bration; it was clear that some factor favouring recovery was present in 
those cases where the initial glycogen was low. Their experience, and our 
own, make it not unlikely that the factor in question is one which 
accelerates glyconeogenesis. 

II. (1) Effect of alteration of the blood supply 

TO THE LIVER. 

The two main supplies of blood to the liver evidently subserve 
different functions, since ligation of branches of the hepatic artery leads 
to necrosis, while the occlusion of branches of the portal vein leads to 
atri)phy [Bainbridge and Leathes, 1907]. Since it is a common 
practice in the performance of perfusions of the liver to circulate the 
blood only through the portal vein, it seemed not unlikely that the 
failure of those preparations to store glycogen might have been due to the 
omission of the arterial circulation. 

(a) Ligation of the hepatic artery. 

Somewhat different estimates have been given by various investi¬ 
gators for the relative contributions to the hepatic blood supply of the 
hepatic artery and portal vein. According to Burton-Opitz [1911], and 
Macleod and Pearce [1914], about 30 p.c. of the total flow through the 
liver, in the dog, is derived from its arterial supply. Bar croft and 
Shore [1912], for the cat, give figures ranging from 13 to 58 p.c., the 
higher figure being for fed animals: they believed that most of the oxygen 
supply is obtained from the hepatic artery blood. Grab, Janssen and 
Rein [1929], for the dog, give the smaller figure of about 18-25 p.c. for 
the arterial fraction, while Bauer, Dale, Poulsson and Richards 
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[1932] in artificial perfusion found 26-30 p.c. for cat and dog. It would 
seem certain, from these results, that at least one-quarter of the blood 
supply to the liver is conveyed by the hepatic arteries. 

It is well established that, in man, complete occlusion of the hepatic 
artery supply is not incompatible with life. In other animals too, many 
instances are recorded of recovery after ligation of the hepatic artery; an 
analysis of such cases is given in the papers by Segall [1923] and 
Cameron and Mayes [1930]. The explanation of these results is that 
ligation of the hepatic artery, even if complete, does not necessarily 
connote total deprivation of arterial blood supply to the liver, since, as 
pointed out by Haberer [1906], Segall [1923] and others, there are 
anastomotic connections of variable extent between the branches of the 
hepatic artery and those of the diaphragmatic arteries. 

In the cat, the effects of complete occlusion of the hepatic artery are 
usually severe, though exceptions attributable to adequate collateral 
circulation were found by Haberer. 

It has been clearly shown that after complete deprivation of its 
arterial blood supply the liver undergoes necrotic changes [Bainbridge 
and Leathes, 1907; Cameron and Mayes, 1930; and others], at an 
early stage of which its glycogen is lost. The general importance of the 
hepatic artery supply in carbohydrate metabolism w^as indicated by 
Collens [1925]. Collens, Shelling and Byron [1926, 1927] further 
found that ligation of the hepatic artery in dogs often caused death in 
15-50 hours in hypoglycaemic convulsions, with complete loss of glycogen 
from the liver, heart and muscles. The period of survival after ligation 
they found to depend upon the glycogen content of the body. Winter- 
nitz [1911] and others describe the pathological effects as being different 
for different animals, and obtain as a rule little effect on the dog. It is 
probable that some earlier workers, not quoted here, did not get complete 
deprivation of arterial supply in their experiments. 

In view of the facts just mentioned, it might be expected that on 
ligation of the hepatic artery in the decapitate cat there w’^ould be a 
failure of the normal recovery of glycogen if the latter was in any way 
dependent, as the ultimate survival of the liver tissue is dependent, on 
the provision of a proper supply of arterial blood. As will be shown, this 
expectation was not realized, for we found the recovery to occur fairly 
well in spite of the severity of the operative handlii^. 

The arterial supply was first studied in injected preparations, from 
one of which Fig. 2 was sketched. There are considerable individual 
variations. 
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The hepatic arterial supply was cut off by two ligatures applied, one 
between the right gastric artery and the root of the hepatic artery proper 
(6, Fig. 2), and one to the gastro-duodenal artery {a, Fig. 2). This is 
necessary because the hepatic artery, after giving off the gastro-duo¬ 
denal, is almost invariably split up into three or four lobar branches, the 



Fig. 2. Arterial supply to the cat's liver. C.A. cu'liac axis; O.A. gastric arteries; H.A. 
hepatic artery; U.A.V. hepatic artery proper; 8. splenic artery; G.D.A. gastroduo¬ 
denal artery; -S'.Jf.A. superior mesenterie artery; B.D. bile duet; P.V. portal vein; 
« and 6, position of ligatures on arteries; c and d, ligatures on bile ducts. 

posterior of which are inaccessible for ligation as they pass medially and 
ba-ckwards to the left and behind the portal vein, which has the bile duct 
lying above its right border; further, because the collateral circulation by 
the gastro-duodenal artery is known to be adequate to maintain the 
liver. The effectiveness of the ligation was confirmed at post-mortem. It 
was complete in three experiments and incomplete in one. 
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The visible effects of the ligation during the course of the experiments, 
which lasted up to 7 hours, were not very striking—^the liver became 
darker in colour, and showed congested patches, while the gall bladder, 
though not distended, was generally much lighter in colour than the normal, 
a greenish yellow in the most extreme cases—and there was some degree 
of diffusion of bile from the gall bladder on to adjacent parts of the liver. 

In one experiment the animal was killed hours after the ligation. Some portions of 
the liver appeared veiy congested in patches, with appearance of early necrosis; the greater 
part of the tissue appeared to be only a little more solid than the normal. Portions fixed 
in Bouin’s fluid confirmed the naked eye appearance. The normal-looking portion had a 



Fig. 3. Cat. Calculated initial liver glycogen concentration = 6*8 p.c. Decapitation at D. 
Glycogen at 30 min. = 1 *62 p.c. Hepatic arteries ligatured at H. Glycogen at 79 min. = 
1*29 p.c.: at 259 min. =3-44 p.c.: at 420 min. =3-94 p.c. 


normal structure, the congested portion showed much the same appearance as described by 
Cameron and Mayes. There was great engorgement of all the sinusoids and of the branches 
of the portal vein and hepatic artery. In the portal vein blood were many mononuclear 
cells, looking like large detached Ku pf f er cells. The cytoplasm of the cells was much more 
cloudy than in the normal patches and showed vacuolation in some areas near to the 
intralobular veins. 

The result of one of the experiments with complete ligation is shown 
in Fig. 3. The other three gave similar results, though in one of them the 
rise, which was good up to about 200 min. was then replaced by a fall. 

In two experiments the blood sugar reached a high level after the 
ligation of the arteries (0-333 and 0-343 p.c.), anciin three experiments 
out of the four, fell rather less quickly than usual, and even at about 
350 min. still had, for the four experiments, a mean value of 0-122 p.c., 
whereas in normal conditions the amount would be below 0-1 p.c. 
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It appears from these results that, whatever may be the function 
of the arterial supply to the liver, its presence is not a basal necessity 
for glycogen formation, since it can be dispensed with for several 
hours. 

In attempting to interpret this unexpected result some reference is 
necessary to the current views regarding the relationship between 
hepatic and portal circulations, an adequate summary of which is given 
by Cameron and Mayes [1930], Olds and Stafford [1930] and 
McMichael [1932]. 

The investigations of Cameron and Mayes lend support to the view 
that the greater part of the blood from the hepatic arterial supply first 
traverses a capillary network in Glisson’s capsule, from which it is 
collected by internal hepatic radicular venules which then join the portal 
stream: direct arterio-venous anastomosis is excluded by them, as also 
by Olds and Stafford, though the latter postulate a considerable direct 
communication of arterial capillaries with the portal sinusoids at the 
periphery of the lobules. According to their view, there are at the extreme 
periphery of the lobules some sinusoids containing only portal blood, 
and some only hepatic artery blood: these, however, intercommunicate 
further on, so that, at about 3-7 cell diameters from the periphery of the 
lobulc!, the two streams mix freely. It appears to us that our results are 
explicable on either of these views, and would indeed agree with the 
results of most other recent work which excludes the possibility of direct 
arterio-venous anastomoses. Our results, moreover, seem to point to the 
conclusion that, since the glycogenic power of the liver is not immediately 
impaired by reduction in its oxygen supply, the subsequent loss of 
glycogen which is evident about 12 hours after occlusion of the arterial 
supply may be secondary to changes in the circulation in Glisson’s 
capsule. It is possible, however, that the deprivation of oxygen may not 
really be so great as would at first appear from the statements regarding 
the participation of the hepatic artery in the total blood flow through the 
liver. It was shown by McMichael that clamping of the hepatic artery 
only caused a slight fall in portal pressure, and Bauer ai. showed that 
it was accompanied by an increased inflow by the portal vein and that 
there was a measure of reciprocity between the two flows, so that the 
outflow, when both supplies were available, was less than that calculated 
from the sum of the two isolated supplies. Under the conditions of our 
experiments, moreover, this reciprocal effect would be likely to be en¬ 
hanced, since occlusion of the hepatic and gastro-duodenal arteries 
would probably cause blood to be directed to those abdominal organs 
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which drain into the portal veins. Lastly, there might still be some arterial 
supply from the collateral circulation with diaphragmatic arteries, though 
this would probably be a small one. 

(6) Reduction of the portal inflow. 

The whole blood flow through the liver is certainly large, and is 
estimated by Grab, Janssen and Rein [1929] at from 60 to 60p.c. of 
the total return by the inferior vena cava. Even if we accept a high figxire 
for the hepatic artery inflow, we are left with a portal inflow of the order 
of 40 p.c. of the inferior cava current. As it was not proper, for obvious 
reasons, to attempt to reduce the portal inflow by direct constriction of 
the portal vein, we effected it by tying off various arteries of supply to the 
splanchnic area, or by partial evisceration. 

In the experiments of arterial ligation we tied off either the superior 
mesenteric artery or the coeliac axis, or both, causing as little damage as 
possible to the periarterial nerve plexuses. When either vessel was tied 
off, there was only an evanescent duskiness of the intestines, since anasto- 
motic connections are very free. When the superior mesenteric artery was 
tied off, the liver received its arterial supply by the normal channels, as 
well as the portal return from the coeliac axis and inferior mesenteric 
arteries. This procedure was shown by McMichael to produce a sudden 
and considerable fall in portal pressure, much greater than that produced 
by clamping the hepatic arteries, though it is uncertain to what extent the 
reciprocal adjustment of circulations, referred to above, may compensate 
for the reduced portal inflow by a greater hepatic artery supply. However, 
the fact remains that in two experiments of this type, both showed a 
remarkably good return of liver glycogen, at least for a time. One of these 
experiments is shown in Fig, 4. 

The cmliac axis was tied close to the aorta in one experiment. In this 
the liver still received an indirect arterial supply from the superior 
mesenteric artery by way of the anastomotic gastro-duodenal artery 
{vide Fig. 2) as well as the normal or even enhanced portal return from the 
territory fed by the superior mesenteric artery and the small inferior 
mesenteric tributary. In this experiment the return of glycogen was also 
very prompt and large, though it fell away later as was the rule in many 
control experiments. This experiment is shown in Fig. 5. 

When the coeliac axis and the superior mesenteric arteries were both 
tied, leaving only the insignificant portal return freto the inferior mesen¬ 
teric artery to supply the liver, the liver glycogen, as might be anticipated, 
fell off rapidly and showed no return (Fig. 6). As the blood sugar also 
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Fig. 4. Cat. 2*45 kg. Fasted 44 hours. Decapitation at 24 min. followed by ligation of 
superior mesenteric artery (M) at 41 min. Calculated initial liver glycogen=2*12 p.c. 
Percentages at other times (ether at 0) were: 


Min. 

Glycogen p.c. 

Min. 

Glycogen p.c. 

5 

1*59 

171 

1*98 

45 

0*14 

290 

1*00 


Fig. 5. Cat. 3*0 kg. Fasted 48 hours. Decapitation at 30 min. followed by ligation of 
coeliao axis (C) at 78 min. Calculated initial liver glycogen = 2*13 p.c. EtW at 0 min. 
Glycogen concentrations at other times: 


Min. 

Glycogen p.c. 

Min. 

Glycogen p.c. 

6 

1*53 

260 

1*84 

53 

0*06 

373 

1*60 

101 

0*66 




Fig. 6. Cat. 3*4 kg. Fasted 44 hours. Decapitated at 30 min. Ligation of coeliac axis and 
superior mesenteric artery at 64-71 min. Calculated initial liver glycogen = 1*48 p.c. 
Glycogen concentrations at other times: 


Min. 

Glycogen p.c. 

Min. 

Glycogen p.c. 

3 

1*18 

92 

0*09 

49 

0*21 

234 

(?)000 


The animal died between 234th and 292nd min. 

Fig. 7. Cat. 3*3 kg. Fasted 44 hours. Decapitated at 20 min. Partial evisceration (see text), 
completed (E) at 76 min. Calculated initial liver glycogen = 1 *68 p.c. Glycogen at other 


times: 

Min. 

Glycogen p.c. 

Min. 

Glycogen p.c. 

8 

1*11 

139 

Ml 

43 

0*06 

171 

1*41 

89 

0*48 

269 and 279 

0*22 and 0*31 
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fell quite rapidly, it was probable that we were dealing, in fact, with a 
virtually completely eviscerated preparation* 

In the partial evisceration experiment we removed the spleen, and the 
intestine with its mesentery from the third part of the duodenum to the 
rectum, and ligated the superior mesenteric artery. There thus remained 
the normal (or enhanced) hepatic arterial supply and the venous return 
from stomach, pancreas and duodenum. Here again there was excellent 
recovery (Fig. 7). 

On the whole these experiments with restriction of the portal flow 
show that there is considerable latitude in the vascular requirements of 
the liver. It is tempting, since the recoveries of glycogen were at first all 
rather above the average performance, to suppose that the restriction of 
venous return has, by allowing of a larger relative arterial supply, or in 
some other way, actually augmented the rate of recoverj^ However, such 
a conclusion is hardly justifiable without further experiments to support it. 

In one experiment, after decapitation, we made a “reduced prepara¬ 
tion ” by tying off the aorta just above the origin of the inferior mesenteric 
artery, and the inferior vena cava just below the entrance of the renal 
veins. This was intended as the preliminary to an attempted visceral 
preparation similar to that described by Markowitz and Essex [1930], 
which consists of heart, lungs, alimentary canal, pancreas and liver. The 
preparation gave fairly good recovery up to 155 min., but the arterial 
pressure then rapidly fell and the liver glycogen was quickly lost again. 

We also got fair recovery in another experiment in which we effected 
still more reduction by tying off both axillary arteries at their first part, 
and the aorta just below the superior mesenteric, the corresponding veins 
not being ligated: in this instance the arterial pressure and liver glycogen 
were well sustained until about 170 min. These experiments were not 
further pursued, how^ever, because, although it was evident that a 
transfusion of some kind was desirable in order to maintain proper 
circulatory conditions, we had not at that time much knowledge of the 
effect of defibrinated blood, or of anti-coagulant materials, on the re¬ 
covery process. These points will be discussed later. 

(2) Effect of occlusion of the bile ducts. 

It was shown by Bernhard [1931] that when the common bile duct 
is ligated in rats the animals survive longer when given glucose injections. 
This he attributes to deposition of liver glycogen. We carried out three 
experiments in which, after decapitation, the common bile duct and 
cystic duct were tied off (Pig. 2 c and d). All gave similar results. By the 
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end of the experiments (about 7 hours in two cases; death at 4 hotirs in 
one) there was considerable distension of the hepatic ducts. The following 
is a protocol of the most typical experiment: 


Exp, 201. Cat<J. 4*3 kg. Fasted 48 hours. 

Arterial 

pressure 

Blood 

Liver 

glycogen 

Liver 

glycogen 

Time 

mm. 

sugar 

actual p.c. 

p.c. of 

min. 

Procedure Hg mg./lOO c.c. 

(mean of 2) 

initial 

-2 

Ear puncture — 

95 

516 (calc.) 

100 

0 

Ether given — 

— 

— 

100 

5 

— 

— 

3*88 

75 

9 

Respiration stopped. Gave 

A.R. — 




13 

— 

273 

— 

— 

18 

Decapitation completed. 

A.R. by Schuster pump, 

750 c.c. at 19 strokes, per 
min. — 




25 

120 

302 

— 

— 

42 

Common and cystic ducts 
ligatured — 

___ 



44 

— 

— 

0-71 

14 

47 

— 

— 

0*72 

14 

52 

125 

261 

— 

— 

186 

95 

269 

— 

— 

190 

— 

— 

2*23 

43 

286 

85 

184 

— 

— 

293 

295 

37 c.c. urine drawn (trace of 
bile?) 


308 

59 

376 

55 

143 

— 

— 

426 

(4 liver samples) — 

— 

205 

40 

437 

35 

118 

— 

— 

440 

Killed. P.M. 

Wt. of liver left 
Initial wt. of liver 

= 59 g. 

= 79g. 




The experiments all showed that for some hours after ligation of the 
bile ducts recovery of liver glycogen is still possible. The recovery in the 
experiment given above is perhaps rather on the low side, even when the 
rather high initial glycogen content is considered. In another experiment 
with the low initial glycogen concentration of 0*38 p.c. the recovery was, 
however, well above the average and reached 190 p.c. of the initial value 
in 168 min., though this was not sustained. On the whole, we may say that 
for the first 2 or 3 hours occlusion of the bile ducts makes little difference 
to glycogen storage in the liver of the decapitate cat. 

III. Effect of alterations in the amount or composition 
OF THE circulatory BLOOD. 

It was found by Evans, Tsai and Young [1931 5] that, when com- 
pared with the rapid rate of spontaneous recovery of glycogen after 
decapitation, the effect of infusion or other exhibition of glucose had a 
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relatively sUght effect on the glycogen formation. This was surprising, 
because the readiest assumption was that the glycogen which accumu¬ 
lated so rapidly in the liver after decapitation was formed principally 
from the blood sugar, which was always high just after decapitation, and 
which, in fact, did fall during recovery. They not unnaturally expected 
that if this were the case, the addition to the blood stream of a consider¬ 
able amount of glucose would not only greatly accelerate the speed at 
which glycogen was laid down, but would lead to the attainment of 
concentrations of liver glycogen considerably beyond those present to 
begin with. Since neither of these things happened it was concluded 
that either the circulating precursor was not, or not wholly, blood and 
tissue glucose, or else that the glycogen was formed from cleavage 
products which had been stored, not in the blood and tissue fluids, but in 
the liver itself, or in some other tissue. The possibility that the precursor 
of glycogen was present in the blood in the form of a hexose phosphoric 
ester, or as glucose plm a phosphate, was investigated by De Graff, 
Evans and Vacek [1932] and rejected. We have, rather as a forlorn 
hope, tried the infusion of an amino-acid and of products of starch 
breakdown, with saline infusions as controls. 

(1) Infusion of saline solutions. 

Six experiments were carried out in order to provide controls for the 
other experiments on infusion. In these the initial (calculated) glycogen 
concentrations ranged from 1*61 to 3-54 p.c. (mean 2*62 p.c.), so that the 
results, expressed in percentage change, should be comparable with those 
of the average curve for a large number of fasted cats. After decapitation, 
25 c.c. of warm 0*9 p.c. NaCl solution in tap water was run into the 
femoral vein, from 10 to 20 min. being taken for the infusion. The results 
were not very uniform; in three cases the recovery rate was quite defi¬ 
nitely greater than the average, in two it was about the same for 140 min. 
and then fell off, and in one it was poor throughout. The mean curve for 
the six experiments is given below (Fig. 8). It shows that, even when 
the average is taken, there is a definitely greater rate of recovery than 
in controls with no infusion and with about the same average initial 
glycogen content. The blood sugar also fell a little more quickly, but 
there was no very evident diuresis. 

If these results can be interpreted to mean that the infusion has brought 
about an acceleration of glycogen recovery, as we think they can, it is pro¬ 
bably better for the present to accept the fact and to let the explanation wait. 
Several possible ones suggest themselves, but have not been examined, 
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(2) Infusion of alanine. * 

The formation of glycogen from protein has long been accepted, and it 
has recently been shown by Wilson and Lewis [1930] that d or d-l- 
alanine, when given by the mouth to fasting rats, led to an increase of 
liver glycogen in 3 hours. It seemed worth while exploring the possibility 



Fig. 8. Mean ourve for six experiments in which 25 c.c. of saline solution were infused at S, 
L.O, liver glycogen; B.S, blood sugar; B.P. arterial pressure; />» decapitation. 

Fig. 9. Mean curve for three experiments. Decapitate cats, infusion of alanine (2g., 2g., 
4 g.) in 25 c.c. saline into femoral vein at A . 

Fig. 10. Infusion of 2*5 g. of dextrin-maltose mixture at M into portal circulation of 
decapitate cat. Initial glycogen concentration = 1-68 p.c. D, decapitation; /*, removal 
of spleen and insertion of cannula into splenic vein. 

Fig. 11. 2*4 units insulin 21 min. before ether given. D, decapitation. Initial glycogen 
6*23 p.c. Blood sugar before insulin =0*083 p.c., 19 min. after=0*086 p.c. The crosses 
show where series of convulsions occurred. 


that, in our animals, glycogen might rapidly be producible from amino- 
acids, and, if this proved to be the case, it was conceivable that the glyco¬ 
gen formed in recovery might also arise from protein or from amino-acids. 

Out of six experiments, a solution of (i-i-alanine (B.D.H.) (2-4 g. in 
25 c.c.) was infused, into the portal vein in one decapitate cat, and into 
the femoral vein in four decapitate and one decerebrate cat. The kidneya 
were first removed from one of the decapitate cats, and the urine of the 
three others was examined by formalin titration for alanine; in these 
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0-13 g. out of 2*6 g. injected, 0*38 g. out of 4 g. and 0*7 g. out of 3 g. 
were respectively found in the urine, and as these estimations included 
ammonia with the amino-acids, we may take it that less than 20 p.c. of 
the infused alanine was excreted. There was no evident dehydration of 
the tissues in these experiments. 

The results of the experiments showed a slow loss of liver glycogen in 
the case of the decerebrate cat; in the five decapitate animals there was an 
increase which varied between wide limits. When all five experiments were 
averaged the curve was approximately the same as that given for un¬ 
touched control experiments by Evans, Tsai and Young. But this 
result is largely due to the fact that one of the experiments gave an 
increase to 214 p.c. of the calculated initial value; this result should 
probably be rejected, for reasons already explained, on account of the low 
initial liver glycogen (0-42 p.c.). Another experiment (the portal vein 
infusion of 2 g. alanine) showed a slight loss of liver glycogen, but as this 
had an initial content of 7*85 p.c. glycogen, it might also be excluded. The 
remaining three, with initial glycogen from 2*5 to 3-5 p.c., which might 
be considered comparable with the saline injections, gave recoveries 
definitely below the average for non-injected animals and much lower 
than those injected with saline solutions, as is seen from Pig. 9. The 
blood sugar curve also fell rather less quickly than usual. The well- 
sustained arterial pressure shows that the loss of glycogen was not due to 
a poor circulation. 

These experiments certainly do not lend any support to the idea that 
glycogen can rapidly be formed from alanine in the decapitate cat when it 
is injected into the general circulation, and we have not pursued them 
further. 


(3) Infusion of products of digestion of starch. 

In two experiments an attempt was made to find whether glycogen 
could be rapidly built from some of the intermediate carbohydrates, 
since it is possible that some of the products of glycogenolysis which may 
be present in the blood after decapitation might consist of larger mole¬ 
cules than glucose. The experiment had further interest in the possibility 
that such larger molecules might form part of the normal absorption 
products from the digestion of starch, suggestions of the presence of which 
in the portal blood have been made by several of the earlier observers 
{e,g, Pavy). 

For the infusion, a mixture of maltose and dextrins was prepared by 
acting on soluble starch solution with saliva at body temperature until 
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the achromic point was reached. The solution was then boiled, filtered 
and diluted down to make a 10 p.c. solution relative to the initial starch. 
The results of one experiment, in which 26 c.c. of solution were slowly 
infused into the portal (splenic) vein, are given in Fig. 10. 

The results are similar to those reported by Evans, Tsai and Young 
for the injections of glucose into the portal vein and do not differ signifi¬ 
cantly from those in which a simple saline solution was infused. 

,/ It seems doubtful, therefore, whether, in the short duration of these 
/ experiments, the natural rate of restitution can be accelerated by either 
glucose or malto-dextrins. In the later stages, not shown in the graph, the 
glycogen content of the liver, as usual, declined again. 

(4) Previous administration of insulin. 

In view of the possibility that insulin may, under certain conditions, 
retard glycogenolysis in the liver, it was thought that there might be an 
increased amount of insulin present after decapitation, and that this 
might favour the deposition of liver glycogen, and, though both parts of 
this supposition seemed unlikely, we put it to the test. In a preliminary 
experiment we found that the subcutaneous adnainistration of 2-4 units of 
insulin to an unanaesthetized fasted cat produced a slow lowering of blood 
sugar, from 0*076 p.c. initial to 0*063 p.c. in 1 hour and to 0*04 p.c. in 
6 hours, and we accordingly chose this dose as being not too great for an 
acute experiment under our conditions. We did three such experiments, 
giving the insulin 20 min, before the etherization for the subsequent 
procedure. 

The results were as we anticipated (Fig. 11), viz. a smaller rise of blood 
sugar on decapitation, a subsequent fall to a low level, and a retarded and 
small glycogen recovery (except in one case where the initial glycogen 
was very low). The loss on decapitation in both of the satisfactory experi¬ 
ments was not very great, which favours the suggestion that the insulin 
had checked the glycogenolytic process. 

Though we might have tried the effect of smaller amounts of insulin, 
we did not think this worth while at the present juncture. 

(5) Replacement of the circulating blood by defibrinated bloods, 

These experiments were undertaken because of their relation to 
perfusion experiments, for which defibrinated blood is so generally used. 
Evans, Tsai and Young [19316] found that glycogen recovery was 
favoured by infusions of defibrinated blood when this resulted in an 
improvement of a poor circulation. We have carried this further by 
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giving defibrinated blood, not only to supplement that already in circu¬ 
lation (four experiments), but also (in two experiments) to replace it as 
completely as possible, by several successive infusions and bleedings. The 
defibrinated blood was obtained from a second cat which was bled out in 
two or three stages for the purpose, the liver glycogen being followed to 
ascertain the efiEect of severe haemorrhage upon it. The defibrinated 
blood when freshly drawn usually had a high sugar content, but this was 
not invariably so by the time the infusion was made, because of loss in the 
meantime by glycolysis. 

It is not necessary to give details of the experiments in which de¬ 
fibrinated blood was added to that already circulating. It will suffice to 
say that they all showed recovery, though this was no greater than was to 
be expected without such additions. One of the effects of the infusion was 
a great enlargement of the spleen, and it would probably have been 
better to have removed this organ beforehand in such experiments. 

The following examples will suffice to show that even after the sub¬ 
stitution of the larger part of the animal’s own blood by defibrinated blood, 
good recovery can still occur. This is rather remarkable in view of the 
severity of such treatment. The protocol for a donor animal (from a different 
experiment) also illustrates the rapid loss of glycogen during bleeding. 

The effect of haemorrhage on the glycogen content of the donor is of 
interest since it explains why such low initial glycogens have been 
obtained by those who have attempted to prepare the liver for perfusion, 
or for analysis, by methods involving considerable loss of blood. There 
can be no doubt that the loss is principally due to attendant liberation of 
adrenaline and to nervous influences from the anaemic centres acting 
directly upon the liver. 


Exp, 205. The donor. Cat. 2*15 kg. Fasted 44 hours. 


Min. 


Blood 

sugar 

Liver 

glycogen 

Liver 
glycogen 
p.c. of 
initial 


p.c. 

p.o. 

-1 

Blood by ear punoture 

0*115 

3*2 (calc.) 

100 

0 

Ether given 

— 

— 

— 

6 

— 

2*31 

72 

16 


0*336 


— 

17^19 

52 c.o. bled from carotid 

— 

.... 


20 


.... 

0*61 

19 

28-^1 

Further bleeding, 10 o.o. 

— 

— 

— 

S2 

— 

q^3 

7 

34 

36 

99 

KiUed 

Analysis of defibrinated 
blood (just before in* 
fusion) 

0*329 

0*16 

5 
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Exp, 212. Tht recipimU Cat. 2*45 kg. Fasted 44 hours. 




Arterial 

B.P. 

Blood 

sugar 

mg,/ 

100 g. 

Liver 

glycogen 

Liver 
glycogen 
p.c. of 

Min. 


mm. Hg 

p.c. 

initial 


Blood by ear punoture 

— 

92 

1*43 (calc.) 

100 

0 

Ether given 

— 

— 

— 

— 

9 

— 

— 

0*93 

65 

14 


— 

253 

— 

— 

25 

Decapitation completed 

— 

— 

— 

— 

31 


135 

275 


— 

35 

48 

Infusion of blood (0*351 p.c. 
glucose) into femoral 



0*45 

31 

54 

vein begun 

23 c.c. now run in, con¬ 

— 

— 

— 

— 

62 

tinued 

Bleeding begun, infusion 

160 

— 

— 

— 

71 

continued 

Bleeding stopped (45 c.c. in 


— 


*~— 

72 

all) 

Infusion stopped (65 c.c. 





74 

given) 

Infusion of oats own de6- 
brinated blood (0*324 p.c. 

75 




88 

Infusion stopped (57 c.c. 

— 

— 

— 



given) 

145 

— 

— 

— 

93 

Bleeding begun 

— 

— 

— 

— 

95 

Bleeding stopped (40 c.c.) 

135 

— 

— 

— 

98 

Infusion begun 

— 

— 

— 

— 

103 

Infusion stopped (32 c.c.) 

— 

— 

— 

— 

113 

— 

— 

0*90 

63 

116 


115 

299 

— 

— 

238 


65 

115 

— 

— 

243 


_ 

— 

3*14 

219 

331 


_ 

— 

2*34 

166 

336 


60 

101 

— 

— 

400 


52 

080 

— 

— 

405 


— 

— 

2*67 

186 

437 


40 

089 

— 

— 

439 

441 

Killed. Liver remaining = 
54 g. 



0*57 

40 


In the infused animal the circulating blood was almost wholly re¬ 
placed by defibrinated blood, as was shown by its incoagulability when 
drawn; but towards the close of the experiment slight coagulability had 
returned to it. In the other experiment there was less recovery than in 
this case, apparently because the initial glycogen was higher (6-76 p.c.), 
but all these experiments may be taken together as showing that the 
defibrinated blood exerts no peculiarly deleterious action on the glyco¬ 
genic power of the liver. The chief drawback to defibrinated blood is the 
vascular shock which it produces. This is shown in Exp. 212, given in 
full above, by the fact that although the blood-pressure at 96 min. was 
135 mm. Hg, and as a further 32 c.c. were subsequently infused giving the 
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animal finally 69 c.c. more blood than at the start, the pressure by 
116 min. had fallen to 116 mm. Hg, and in subsequent periods was not 
well maintained. It was for this reason that we proceeded next to try the 
effect of various anti-coagulant substances on the glycogen restoration. 

(6) Addition of heparine. 

Infusions of heparine [Messrs Hynson, Westcott and Dunning], dis¬ 
solved in 26 c.c. normal saline solution, were given into the femoral vein in 
three experiments. The doses used were 7*4, 14*8 and 29*4 mg. per kg. 
body weight. The blood in the first experiment clotted in vitro in 10 min., 
that in the other two remained incoagulable for 24 hours. 



Minuttf. Minute* 


Fig. 12. Mean curve of three experiments in which heparine was infused. 

Fig. 13. Mean curve of two experiments in which 6 c.c. of 8 p.c. Chicago blue 
were injected intravenously at B. Decapitation at D. 

Recovery of glycogen was below the normal for the two higher doses 
and above for the smallest dose, but the initial liver glycogen was low in 
that case, so that supernormal recovery was to be expected. When 
averaged out the three curves gave recoveries below the normal average 
(Fig. 12). It would seem that the use of heparine is detrimental to the 
liver. 

(7) Addition of Chicago blue. 

Two cats, subsequent to decapitation, were infused with 6 c.c. of 8 p.c. 
Chicago blue [Rous, Gilding and Smith, 1930], previously boiled and 
filtered, and washed into the femoral vein with a small quantity of saline. 
There was loss instead of recovery of liver glycogen, the hyperglycsemia 
showed little reduction, the blood-pressure feU rapidly and the animal soon 
died (Fig. 13). The sample used appeared to be toxic to the liver, and 
further investigation was abandoned owing to the drawback this anti¬ 
coagulant has of preventing visual assessment of the degree of arterializa- 
tion of the circulating blood. 
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Summary. 

1. Further consideration is given to the details of the methods used 
for the taking of liver samples for glycogen estimation. The changes 
observed after decapitation are not attributable to changes in the water 
or fat content of the liver. In experiments involving the taking of several 
successive samples of liver it is important, where changes of the total 
glycogen content of the liver are required balance-sheets ”), to take into 
consideration the effect of the diminishing amount of liver tissue present, 
which makes glycogen gains smaller than they appear to be. 

2. Livers of fasted cats with low initial glycogen content show on 
recovery from decapitation a greater percentage gain, relative to the 
initial content, than do livers of similarly fasted cats with high contents 
to begin with. Hence it is only when the initial glycogen concentrations 
are comparable that it is possible, in different experiments, satisfactorily 
to compare the liver glycogen changes, expressed in terms of initial 
glycogen content. 

3. Ligation of the hepatic artery does not inhibit the glycogen de¬ 
position after decapitation; considerable reduction of the portal inflow, 
by ligation of the coeliac axis or superior mesenteric artery, or by partial 
evisceration (removal of spleen and intestine) also does not interfere with 
the recovery, but simultaneous ligation of coeliac axis and superior 
mesenteric artery does stop recovery. Occlusion of bile exit along the 
bi^e ducts also does not inhibit recovery. 

4. Infusion of 25 c.c. of normal saline solution into the femoral vein 
somewhat enhanced recovery, but infusion of 2~4 g. of alanine delayed it. 
Recovery of glycogen was not greatly, probably not significantly, in¬ 
creased by injection of 2*5 g. of a malto-dextrin mixture into the portal 
vein. Subcutaneous injection of 2-4 units of insulin 20 min. before the 
experiment was begun retarded recovery. 

5. Replacement of the circulating blood by defibrinated cat’s blood 
did not inhibit the recovery significantly, but injection of heparine or 
Chicago blue in anti-coagulant doses did inhibit it, the former slightly, the 
latter, with the sample at our disposal, completely. 

We wish to thank Dr H. P. Gilding for the sample of purified 
Chicago blue. 


The expenses of the investigation were in part defrayed out of a grant from the 
Government Grants Committee of the Royal Society to one of us (C.L.E.), and we express 
our thanks for this. 
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THE EFFECT OF SOME ACCIDENTAL LESIONS 
ON THE SIZE OF THE SPLEEN, 

By JOSEPH BARCROFT. 

{From the Physiological Laboratory^ Cambridge,) 

Observations made by Barcroft and Florey [1929] showed that the 
operation for exteriorization of a portion of the small intestine caused a 
shrinkage of the spleen which persisted for days and perhaps weeks after 
the actual operation. Moreover, the shrinkage was accentuated by per¬ 
foration of the gut leading to peritonitis. 

Further observations were made in which the abdomen was opened 
[Barcroft, 1931], a loop of intestine was exposed for a few minutes 
under aseptic precautions and replaced in the abdominal cavity, which 
was then closed. The result was a contraction of the spleen lasting for 
some days. 

These operations may be contrasted with such a lesion as a hernia, 
which is followed by no contraction of the spleen. Fig. 1 shows the 
alteration which took place in the volume of the organ, (1) when the 
operation of excision of the superior cervical ganglion was performed, 
(2) when a hernia developed just ventral to the spleen, so that the abdo¬ 
men was closed only by the integument, and (3) when the operation was 
performed successfully to cure the hernia. In the cases (1 and 3) of opera¬ 
tion there was a marked contraction of the spleen which lasted some days. 
In the case of the hernia, however, caused presumably by a stitch giving 
way in the region of the spleen, there was no contraction. We do not 
know the precise stimulus which was responsible for the contraction. In 
the present case it was presumably a chemical one, for the spleen had 
been denervated. But granting the chemical nature of the stimulus, there 
remains unsettled the question of whether the stimulant was a product 
of tissue breakdown, of bacterial action, or was adrenaline which might 
have been liberated as the result of some action of nervous origin on the 
supra-renal bodies. 

Four experiments were performed [Barcroft, 1931] in which the 
superior cervical ganglion was excised. In two cases the spleen had been 
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denervated during exteriorization, and in two others it had not. In all 
cases the spleen contracted as the result of the operation on the neck. 
The contraction was more marked in the innervated spleen, but not 
significantly so. It was hoped that by observation of the pupil on the 
side from which the ganglion had been removed, some information would 
be obtained as to the presence in undue amount or absence of adrenaline 



Fig. 1. Volume of spleen following (1) excision of superior cervical ganglion, (2) develop¬ 
ment of a hernia, (3) operation for hernia. Spleen rt*duced to seven-twelfths of its 
linear dimensions. 


in the blood. This hope was not fulfilled, the dog being an unfavourable 
animal for observations on the sensitization of the pupil to adrenaline. 

Another dog (Nina), the spleen of which was denervated during 
exteriorization, also yielded an interesting result. JThe superior cervical 
ganglion was removed and the spleen contracted and was regaining its 
normal size when, nineteen days after the operation, it again suddenly 
shrank; the bandage had caused a considerable abrasion under the neck. 
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It took nine days for the wound to heal, during which time the spleen 
remained shrunken and relatively colourless. Apart from the fact that 
the spleen had been denervated, the interesting points about the lesion 
were that it was purely superficial and not severe (Fig. 2). 

During the winter of 1931-2 a phenomenon appeared in a number of 
animals which suffered from necrosis of considerable areas of skin. The 
necrosis developed only in those animals on which operations had recently 



Fig. 2. Changes in volume of spleen following (1) excision of superior cervical ganglion, 
(2) abrasion of skin under neck. 

been performed. Usually about a week, but in one case three weeks, 
elapsed before it became evident that a large patch of skin was dead and 
had to be removed. When that was done and the bare area dressed 
systematically the animals made a healthy recovery. The injury was 
quite superficial and the animals did not appear to be in pain, their 
spirits and appetites being excellent. 

Without going into the various possibilities which might account for 
this phenomenon, the fact that it was confined to a certain category of 
animals ruled out a general epidemic. Experiments were instituted to 
test whether the operation had so lowered the resistance of the animals 
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that they fell a prey to infection which other dogs defied. The first of 
these experiments showed the true nature of the trouble. In order to 
obtain controls two animals were given an anaesthetic each for an hour 
and subjected to all the routine procedure of an operation, but no 
operation was actually performed upon them. These two, so far from 
experiencing no trouble, were much more seriously affected than the 
rest. The areas of necrosed skin were larger, the damage went deeper 
and appeared earlier. The operating table was of the type in which a 
copper top is warmed by an electric bulb beneath. Although the animal 
lay on perforated zinc normally separated by an air space from the 
copper and with a sterilized cloth between its body and the zinc, the 
events showed that the surface of the skin had been exposed to too high 
a temperature. Clearly this accident could not have occurred with the 
type of table kept warm by means of a hot-water tank, as the effect 
depends upon the production of heat at a rate faster than it is conducted 
away. 

The most severe case, that of Nina, may be taken first. 

Protocol, Jan. 20, 1932. Nina (spleen exteriorized and denervated Nov. 20, 1929) was 
placed on the dissecting table under c.E. mixture, as when animals are normally operated 
on for exteriorization of the spleen. The perforated tray and cloths were between her hair 
and the table. No operation was performed. She lay so for an hour. The spleen shrank in 
the usual way under ansDsthetic. 

Jan. 22. Nina was somew'hat stiff in her gait and dull in general appearance. The hair 
on the right side was darkish looking as though a bum might develop, but as yet there was 
nothing further to be seen. 

Jan. 23. Temp. 103-8® F. Skin nowhere broken, but two areas obviously necrosed. 
They were congested and the hair w^as loose. One area was in the flank, the other between 
the ribs and the thigh. 

Jan. 24. Temp. 102-2® F. Affected areas as in Fig. 3. 

Jan. 25. The care of the areas was handed over to Major Linton, K.A.M.C., w-ho did 
the subsequent dressings, removing the necrosed skin and tending the affected areas with 
Eusol. 

Jan. 26,27 and 28. The bare areas extended and it became evident on the 2Sth that the 
damage had penetrated to the muscle. Temperature rose from 102® to 103-6® F. 

Jan. 29. Temp. 88-5® F. No appearance of pain. Vomited whilst being dressed; no 
appetite. 

Jan. 29-30. Dog died. 

It is worth putting on record, though of no great interest in the 
present connection, that the mental condition of the animal, though 
lacking its usual brightness, was quite tolerable, and apparently equal to 
that of many rather phlegmatic dogs. On both January 28 and 29 she 
took interest in what was going on about her, her rectal temperature on 
the 28th being 103*6® and on the 29th 88*5® F. On the latter day her 



Volume of spleen in arbitrary units 


Fig. 3. Affected areas of skin in Nina. Black = skin dark. Cross-ruled = hair falling 
out (each square = 1 sq. cm.). Outer part = skin probably affected. 



Fig, 4, Changes in volume of spleen of Nina after control experiment. 
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condition appeared bright enough to make me doubt the thermometer 
reading, and indeed not until the temperature had been taken three 
times and by two different thermometers did I accept it. Thus over a 
range of 16° F., or more than 8° C., the animal was quite compos mentis. 
The changes in volume of the spleen are shown in Fig. 4. 

A similar experiment was performed on Bell on Jan. 21st, i.e. before 
the result of that on Nina had revealed itself. Bell differed from Nina 



Fig. 5, Changes in volume of spleen of Bell after control experiment. 

in three respects: (1) the spleen was not denervated, (2) the animal 
recovered, (3) the spleen only remained in a state of extreme contraction 
for a few days. 

The lesions were of the same general nature as those of Nina, i.e. one 
in the flank and another behind the ribs. 

The first portions of dead skin were removed on January 26th and 
the wound kept clean with Eusol, The animal “‘ran*’ rather a high 
temperature. 

Jan. 27 Jan. 28 Jan. 29 Jan. 31 

106® F. 104-2* F. 105® F. 103® F. 
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ProtocoL Prooedure as with Nina and earlier obeervations similar. 

Jan. 31,1932. Both areas were reported clean and the surfaces healthy and granulating. 

Peb. 15. Area (1) flank dressed with amyl salicylate, area (2) with vaseline. This was 
continued up to Feb. 22, when the amyl salicylate dressing was stopped and both wounds 
were dressed with vaseline. In judging of the amyl salicylate dressing it should be said that 
while no benefit was derived from it, two facts must be borne in mind, firstly it was not 
used from the start and secondly it seemed less soothing—^the dog was inclined to rub the 
area dressed with salicylate and not that dressed with vaseline. 

Fen. 29. Area (1) healed, (2) healing rapidly. 

Mar. 3. Both areas healed. 

The measurements of the spleen, Fig. 6, show that the maximum of 
shrinkage was on the second day after the injury, that is to say, before 
the skin had broken, and that at the end of a week the spleen had returned 
almost to its ordinary size, even though there were two large granulating 
surfaces. 

In the light of these two experiments it is now possible to interpret 
some others in which the necrosed areas were much less extensive, and 
what is perhaps of interest, the necrosis was not evident for a much 
longer time after the exposure of the animal to warmth. 

ProtocoL Tilley II, spleen denervated and exteriorized on Dec. 17, 1931. The shrinkage 
of the spleen ran its usual course till the ninth day; the organ slirank rapidly till the 
fifteenth day, remaining contracted. On the twenty^first day the necrosis made itself 
evident and the dead skin was removed, the necrosed area cleaned thoroughly and dressed. 
By the twenty-fifth or twenty-sixth day the spleen was probably as large as it would have 
been had no skin lesion taken place. 

Conclusions. 

1. Necroses of the skin, caused either by friction or unduly high 
temperature, are accompanied by a contraction of the spleen. 

2. The contraction may come on before the skin is broken and there¬ 
fore before bacterial action from without has occurred. 

3. The contraction may pass off before the necrosed area has ‘'dried 
up” if it is suitably dressed. 

4. The above effects may be observed in denervated as well as in¬ 
nervated spleens. 

The thanks of the author are due to the Koyal Society for a grant from which the 
expenses of the above research have been paid. 
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ALTERATIONS IN THE SIZE OF THE DENERVATED 
SPLEEN RELATED TO PREGNANCY. 

By JOSEPH BARCROFT. 

(From the Physiological Laboratory, Cambridge,] 

In a former paper [Barcroft and Stevens, 1928 a, 6] it was shown that 
the spleen in dogs contracts during “heat” and again towards the end 
of pregnancy, the usual size of this organ at these periods being little 
larger than that which is normally observed during exercise. The question 
of whether this contraction was nervous or humoral, or both, was not 
discussed. Another point which was unsettled in that paper was the 
rate of recovery : in some cases it was almost immediate, in others it 
was less rapid. 

The present paper deals with these points. 

Operative, 

Bitch Nina, weight 6*8 kg. The spleen was denervated during the 
operation for exteriorization on December 20, 1929. 

First observed pregnancy. She came on heat on June 1, 1930, and 
took the dog on June 3, 4 and 5. Her pregnancy ran a normal course, 
with no mishap other than an abrasion of the neck caused by her collar 
on September 1. She had five living pups in the night September 3~4. 
Nina suckled these puppies; they died, however, one by one. On the 20th 
there were but two, on the 22nd one which she suckled till October 10 
(Fig.lA). 

Second observed pregnancy. The spleen remained fairly constant in 
size from October, 1930 to January, 1931, if anything there was a slight 
increase in size: on February 2 Nina showed signs of coming on heat. 
The effect on the spleen vras rather ambiguous, i,e. there was a trifling 
contraction of the organ, but it was within the range of ordinary casual 
variations. In fact no change that could be connected with reproduction 
took place till the actual commencement of labour on April 23. On the 
morning of April 23 the area of the spleen was 29*^ sq. cm.; after labour 
commenced it w^as 26 sq. cm. and about ten minutes after the birth of 
the first pup it was 24 sq. cm. Six pups were born weighing in aggregate 
1*3 kg. The area of the spleen was 23 sq. cm. next morning and it reached 

29 
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its minimum of 21 sq. cm. on April 27. It varied between that and 
about 25 sq. cm. till May 16, when it tended gradually to return to its 
original size. On June 6 the pups were removed. For some days, how¬ 
ever, they had supplemented such diet as they obtained from the breast 
by partaking of the food given for the mother (Fig. 1B). 


ion 110 100 00 80 70 60 50 40 30 20 10*-0-*10 20 30 40 50 



Days before or after the birth of the puppies 


Fig. 1. Spleen denervated. A, first pregnancy; B, second pregnancy; (a) commencement 
of “heat,” (6) five puppies bom alive only one of which Bur\’ived beyond the 18th 
day (d), (c) six puppies bom alive of which four survived and were suckled entirely 
by the mother till the 36th day (e), and partially till 46th day (/). 

Comparison of remits obtained with innervated spleen. 

The characteristic alterations in the size of the spleen, shown in 
Fig. 1, differ materially from those obtained in experiments on animals 
whose spleens had not been denervated. The outstanding facts are: 

(I) In the denervated spleen there is no contraction during the later 
part of the pregnancy, whereas in the normal spleen the contraction in 
the last weeks is almost maximal. 
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(2) In the denervated spleen the alterations in size during “heat” are 
uncertain, whereas in the normal spleen there is well marked contraction. 

(3) After parturition the spleen is contracted for a greater or less 
period whether it be denervated or not. 

The present experiments seem to shed some light on the third of the 
observed phenomena. The contraction is evidently of uncertain duration, 
but it coincided pretty closely with the period of lactation. Further 



Fig. 2. Spleen innervated, correspondence between contraction of spleen and 
suckling of young. 

evidence is to be found in support of this view from a consideration of 
some older experiments which were not understood at tlie time. 

Fig. 2 shows the course of two pregnancies from about the sixth 
week onwards. In one the post-partural contraction was of short duration, 
in the other it was of long duration. In the first the bitch (Daisy) gave 
birth to but one pup which died on the third day, so that the demand 
for milk was practically non-existent; the other (^-astus) gave birth in 
the night to ten pups of which seven were found to be alive the next 
morning. She suckled the pups, but unfortunately no record was kept 
of the length of time. 


29—2 
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Summary and conclusions. 

1. The contractions of the spleen which are associated with preg¬ 
nancy in the dog can be divided into: 

(а) The “heat” contraction. 

(б) The pregnancy contraction. 

(c) The lactation contraction. 

2. Of these the first two are abolished by denervation whilst the 
lactation contraction is undiminished. Presumably therefore there is a 
large humoral element in the causation of the lactation contraction 
whilst the “heat” and “pregnancy” contractions are nervous. 

My thanks are due to the Royal Society for a grant which defrayed a portion of the 
expenses of this research. 
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THE VOLUME OF BLOOD IN THE UTERUS 
DURING PREGNANCY. 

By JOSEPH BARCROFT and PAUL ROTHSCHILD. 

(From the Physiological Lahoratory^ Cambridge,) 

The discovery of Barcroft and Stevens [1928a, 6] that the spleen 
contracts during pregnancy, either to supply blood to the genital organs, 
or to contribute indirectly to the formation of blood in the foetus or 
both, raises the question of the quantity of blood contained in the uterus 
during pregnancy. The present paper deals with that problem. Experi¬ 
ments were made on rabbits, cats and dogs. The present paper deals 
only with rabbits. 

The experiments fall into two series according to the operative 
procedure employed. 

Series 1. 

The operative procedure was approximately the same for all. The 
animal was anaesthetized with c.e. mixture, 1 c.c. of blood was with¬ 
drawn from the carotid artery and made up to 50 c.c. The bladder was 
removed. A dissection was then made of the vessels which lead to the 
uterus. Usually there are five groups of vessels, one in the vagina, one 
on each side going to the broad ligament from the iliac vessels, and the 
ovarian vessels on each side going to the broad ligament from above. 
The general arrangement is given in Fig. U. 

A ligature was put round each of these groups of vessels loosely, 
with a “half-hitch.” Great care was exercised lest the ligature should 
press upon the veins and cause congestion. At a given signal all the 
ligatures were tied simultaneously. If the operation was carried out 
successfully, all the avenues by which blood could enter or leave the 
uterus, vagina, Fallopian tubes and ovaries were closed simultaneously. 
A “Spencer-Wells” forceps was put on each group between the ligature 
and the animal, and the vessels were severed between ligature and 
forceps. The genital organs were then removed, ifo bleeding either from 

^ Fig. 1 is purely diagrammatic, but in one respect it may be wrong. Since I com- 
menoed to observe this point I have never seen the same number of embryos on the two 
sides. 
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the uterus or the animal should be caused by the removal. In case of 
bleeding from either the experiment is vitiated or, at least, there is a 
presumption of its being so. Should bleeding from the uterus occur, 
this would indicate an untied vein from which blood had already returned 
to the general circulation. In the case of bleeding from the animal there 
is the probability that an artery had been missed in tying the ligatures 
and that the uterus was therefore unduly congested. In the results 



Fig. 1. Schematic representation of veins from female generative tract in pregnant rabbit. 


appended no experiment has been included in which the genital organs 
did not come out cleanly. Four experiments have been omitted, on the 
ground that, since bleeding from the animal occurred when the vessels 
were cut, they all gave unduly high results. 

The uterine vessels were opened up and washed out, then the uterus 
was cut up and thoroughly extracted with heparine saline. The extract, 
strained through muslin, was made up to a known volume and the blood 
present was estimated colorimetrically by comparison with the sample 
of blood taken at the beginning of the operation. 
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The results obtained from this series are tabulated in Table I and 
must be regarded as of a purely preliminary character, and indeed they 
might have been omitted entirely but for the facts (1) that they form 
an interesting basis of comparison with those obtained by the same 
technique on dogs and cats which will form the subject of a later paper, 
and (2) that certain individual experiments quoted in Table I will be 
referred to in the present paper. 


Table I. Rabbits. 



Weight 

Days 

Weight 

No. 

Wt. of 

Wt. of 

Blood in 

No. 

of 

since im¬ 

• of 

of 

foetuses 

foetal 

uterine 

of 

animal 

preg¬ 

uterus 

foe¬ 

or young placenta 

vessels 

exp. 

kg. 

nation 

g* 

tuses 

g* 

g- 

c.c. 

1 

3-6 

- 

— 

- 

— 

— 

1-7 

2 

2-7 

- 

7 

- 

_ 


0-6 

3 

3-4 

_ 

10 

- 

- 

- 

1-6 

4 

31 


4 

- 

— 

- 

0-6 

5 

23 

10 

15 

5 

5 

(-) 

1-65 

6 

2-2 

11 

12*5 

8 

7-6 

(-) 

400 

7 

2-5 


36 

6 

335 


5-2 

8 

3-9 

12 

25 

6 

11 

(~) 

90 

9 

2-75 

22 

92 

11 

106 

(-) 

11-2 

10 

2-5 

27 

68 

6 

121 


100 

11 

2*7 

27 

78 

9 

289 

(-) 

13-8 

12 

3-5 

28 

75 

8 

321 

{-) 

200 

13 

31 

26 

92 

9* 

360 

(-) 

26-8 

14 

2-5 

30 

76 

10 

335 


Bleeding in 








the uterus 

15 

3-7 

30 

45 

5* 

170 

- 

210 

16 

3-7 

30 

77 

11 

312 

- 

290 

17 

3-4 

27 

69 

10 

283 

48 

21 

18 

3-4 

30 

82 

8 

207 

39 

11 

19 

30 

28 

95 

8 

232 

41 

13-4 

20 

3-2 

27 

91 

11 

376 

(-) 

36 

21 

31 

16 

36 

9 

8 

(-) 

2*7 

22 

3-3 

29 

49 

9 

222 

24 

8-8 

23 

305 


- 

6 

340 

- 

6-2 

24 

3-25 


- 

6 

374 

- 

9-64 

25 

2-20 

- 


6* 

7 

- 

10-9 

26 

2-25 


- 

7 

135 


141 

27 


28? 


8 

48 


12-5 

28 

2-90 

30 

- 

4 

195 

- 

8-5 


* Plus one rudimentary fcptus. 


Remarks 
Not pregnant 
»> 


it 


Clots in uterus 


Oper. during 
birth 

Clots in veins 


1 day after birth 


Just before 
birth 


The principal finding was however of a somewhat negative character 
—only one correlation could be made out and that was of a very rough 
nature. It was a general relation between the quantity of blood in the 
uterine^ vessels and the total weight of the foetuses. This correlation is 
shown in Fig. 2 A which includes experiments in which the number of 

^ Unless otherwise stated the word uterine in this paper is used to include the whole 
female reproductive tract. 







BWOD VOLUME IN UTERUS DURING PREGNANCY. 451 


foetuses have been from 6 to 11. When plotted a fairly definite sequence 
of relations comes out: 

(1) The quantity of blood increases from about one to about 10 c.c. 
while as yet the weight of the foetuses is insignificant. 

(2) The weight of the foetuses increases greatly in proportion to the 
quantity of blood. 

(3) In the last phase the quantity of blood again rises relatively. 

Towards the end of pregnancy there are 20-30 c.c. of blood in the 

uterus, but the day after parturition (the crosses in Fig. 2 A) the blood 
has very largely disappeared. 

The bulk of the blood in the third stage is not actually in the uterus 
but in the great veins leading from it. 

Series 2. 

The experiments in series 2 were carried out by a technique evidently 
better than that employed in series 1, and which differed from the 
earlier methods in the following way: 

Firstly, we were fortunate in being able to get in touch with a very 
reliable supply of rabbits, mostly Chinchillas. All the animals were 



I D III 


Fig. 3. General arterial pressure during certain periods of the dissection. Base line = bottom 
of black area. Time seconds. I, at commencement. p = 105mm.Hg. 11 A, insertion 
of ligature round vagina. Ill B, simultaneous tightening of all ligatures. 


hardy, of very uniform weight and very carefully and reliably “stocked.” 
A batch of six was stocked for us every week while we were at work, and 
very few rabbits failed to become pregnant. • 

Secondly, we were able to carry out the dissection and placing and 
tying of the ligatures without making more than a small local opening 
in the abdominal wall, so that in some cases the vessels had all been tied 
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up before we even saw whether or not the uterus was pregnant. Fig. 3 
shows a tracing of the arterial pressure in such an experiment. The 
pressure was practically as high at the moment of tying the vessels as 
at the commencement of the experiment. 

Thirdly, the experiments were carried out under dial, usually 2 c.c. 
injected into the abdominal cavity. Occasionally in addition a little c.E. 
mixture was given at the commencement of the experiment. 

Fourthly, the haemoglobin solution obtained from the uterine blood 
was filtered through Kieselguhr, a suggestion made to us by Dr Keilin. 
If about 10 c.c. of the filtrate are allowed to go to waste, the fluid which 
comes subsequently appears to have lost none of its haemoglobin, whilst 
it is perfectly clear. 


The data obtained in series 2 

are given in Table II. 




Table 11. 






Days 


Wt. of 

Wt. of 

Blood in 

No. 


since 


foetuses 

foetal 

uterine 

of 

Wt. 

impreg¬ 

No. of 

or young 

placenta 

vessels 

exp. 


nation 

foetuses 

g- 

g* 

c.c. 

I 

30 

21 

8 

34-3 


14*0 

n 

2-9 

20 

6 

21*6 


16*6 

m 

2-6 

15 

8 

5*0 

5*0 

9*6 

IV 

Died 3*0 

15 

, 


- 

- 

V 

0-3 

23 

8 

72*0 

18*6 

15*1 

VI 

2-8 

22 

7 

42*0 

14*0 

17*2 

vn 

30 

25 

10 

16*8 

23*3 

20*0 

vni 

2*9 

24 

10 

110*0 

23*3 

20*5 

IX 

2-7 

26 

5 

127*5 

16*5 

16*7 

X 

2-9 

25 

0 


- 

2*6 

XI 

2-3 

6 

+ 

? 

? 

2*6 

xn 

2-4 

6 

-f 

? 

V 

3*0 

xin 

3-7 

15 

11 

3*3 

7*2 

? 

XIV 

31 

29 

8 

236*0 

20*5 

32*3 

XV 

30 

28 

6 

174*0 

15*0 

33*2 

XVI 

30 

15 

7 

3*5 

8*8 

8*0 

XVII 

2-6 

30 

0 

- 

- 

2*1 

xvni 

3*1 

29 

0 



2*1 

XIX 

Died on table 

11 





XX 

2*65 

11 

9 

0*15 

1*45 

6*2 

XXI 

2*6 

11 

- 

+ 

+ 

7*2 

xxn 


20 

8 

17*5 

20*0 

17*0 

xxra 

2-9 

30 

9 

337*0 

22*5 

11*4 

XXIV 

Died under dial 

30 

0 




XXV 

24 

30 

6 

290*0 







(young) 



XXVI 

3-3 

30 

0 




xxvn 







XXVIII 

2-7 

28 

11 

585 0 

- 

13*2 





(young) 



XXIX 

30 

30 

7 

245-0 

21*0 

18*4 


This series was as fruitful in correlations as the previous one had been 
barren of them. The first to which we would draw attention is that 
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between the progress of the pregnancy in days and the quantity of blood 
in the uterus. This correlation is given in terms of the actual experiments 
in Fig. 4, whilst Fig. 6 gives the average obtained by taking the mean 
of the groups of black spots joined by dotted lines in Fig. 4. 

The points to be noted are: 

(1) That the maximum quantity of blood in the uterus is about 30 c.c. 
or perhaps J of that in the rabbit. 



Fig. 4. 

(2) That the vascularity of the reproductive tract commences to 
increase very early; certainly from the sixth day there is an appreciable 
rise in the volume of blood. 

(3) That the peak is about the twenty-seventh to twenty-ninth day. 

(4) That the volume of blood in the reproductive J^ract falls suddenly 
before parturition takes place. In this connection reference may be 
made to certain experiments in Table I. In experiment 10 labour com¬ 
menced when the animal was on the table, though the record shows the 
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day as only the twenty-seventh. There were but 10 c.c. of blood in the 
uterus. Again in experiment 28 (Table I) the operation was on the 
thirtieth day and the contraction of the vagina suggested the imminence 
of labour; there were but 8*6 c.c. of blood in the reproductive tract. 

The large drop in the quantity raises some interesting points in the 
consideration of which it is well to remember that we know nothing as 



Fig. 6. 


yet regarding the quantity of blood which circulates through the 
reproductive tract in a given time, as opposed to the quantity to be 
found in the uterine organs. It seems likely that the presence of 30 c.c. 
of blood is unnecessary either to the contractions of the uterus or to the 
actual life (over short intervals of time) of the foetus. The question 
therefore may be asked what function so great a quantity of blood 
subserves in the uterine parts, especially as it is mainly to be found not 
in the organs themselves but in the large venous arcades and their 
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related veins. This question we cannot at present answer, but certain 
observations may be relevant. 

Firstly, we have observed on more than one occasion that any undue 
pressure on the principal vein was associated with, and probably caused 
extensive intra-uterine hcBmorrhages, on the same side as the venous 
obstruction. On one occasion there was some bleeding during the dis¬ 
section from a little vessel in the region of the letter C, Fig. 1. The 
bleeding was stopped by pressure and the pressure involved the main 
uterine vein, but it was of short duration; on a second occasion when a 
similar accident occurred, care was taken never actually to stop the 
flow of blood in the uterine vein though doubtless there was sufiicient 
pressure somewhat to raise the resistance to the passage of the blood. 
It is possible therefore that the copious system of anastomosing veins 
may be to prevent accidental pressure from raising the resistance locally 
and so producing intra-uterine haemorrhages. The size and number of 
the embryos in the rabbit suggest that pressure on the veins is a real 
danger. This exaggeration of venous development in the mother is in 
great contrast to the calibre of the umbilical vessels. The naked-eye 
impression is that the sum of the sectional areas of all the umbilical 
arteries and veins would be less than that of any one of the larger veins 
which drain the uterus. One supposes that, at a late stage of pregnancy, 
the metabolism of the embryos constitutes all but a relatively small 
portion of the whole metabolism of the genital tract. If that inference is 
correct the mere exchange proper to the tract does not seem to demand 
so great a vascular development. The suggestion, however, that the main 
exchange in the uterine area is that proper to the growth and activity 
of the fcetal tissue is conjecture; we do not know whether work on a large 
scale is carried out in the placenta. 

The great vascularity may be an index of some factor connected with 
the growth of the foetus, as opposed to its mere existence. Other questions 
which at once arise are. What causes this pre-partural cutting down of 
the blood in the genital organs? Is the loss of blood a link in the chain 
which ultimately ends in labour? The answer to these questions we do 
not know. 

Another correlation which we have observed is that betw^een the 
progress of the pregnancy and the growth of the fcBtus. This matter 
has already been the subject of observations as yet unpublished by 
Hammond [1931]. Hammond has very kindly showm us his figures of 
which ours afford a general confirmation (not that this is necessary); 
see Fig. 6. 
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A third correlation which we believe to be new is the relation in 
time between the vascularity of the uterus and the growth of the 
embryos. This is also shown in Fig. 6, depicting not only the weight of 
foetal tissue expressed as a function of time, but also the parallel incre¬ 
ment (over and above the normal 2 c.c.) of blood in the generative tract. 



Fig. 6. Circles show the weights of the embryos. The line, without circles, 
the increment of blood. 


The outstanding facts are that, whereas on the twentieth day the 
embryos are still of almost negligible bulk, the blood present has already 
attained to half its maximal volume, and indeed to a volume as great as 
on the thirtieth day. 

An attempt to go further and correlate the blood volume in the 
maternal organs with either the number of embryos or the average 
weight of each embryo is less successful. On the whole on any particular 
day the more embryos there are the heavier their aggregate weight 
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appears to be (this is also a confirmation of Hammond’s observations), 
but the proportion is not simple. 

As a first approximation, though perhaps not in the final analysis, it 
seems fair to say that, on any particular day, the blood volume is almost 
independent of the number of embryos whilst the aggregate weight of 
the foetuses is dependent on, but not a simple multiple of, the number. 



Fig. 7. Circles indicate the weight of the placentas. The line indicates 
the increment of blood. 

We are now in a position to interpret Fig. 2. First let us consider 
Fig. 2B, in which the second series of experiments is plotted. We see 
that the first phase represents the first fortnight or so of the pregnancy 
in which the blood volume is increasing, while as yet the embryos are of 
negligible weight. The second phase represents the period from about the 
sixteenth to the twenty-fifth day, when the rate of foetal growth is great 
proportionately to the increase in the blood. That this portion should 
be nearly horizontal is not surprising. More difficult matters are the 
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steepness of the final limb of the curve PQRS. Why in fact does the top 
of this portion stretch so far to the left as at Q and the bottom so far to the 
right as at /S? Taking these points in order, the width of the distance 
QR is due to the fact just stated, that the maximal quantity of blood 
occurring about the twenty-eighth day will be about the same (SOc.c.) 
whether there be six embryos or eleven, but the weight of embryos in 
aggregate will be very different. (See Table II, exps. xiv and xv.) TJie 
position of S so far to the right is due to the measurements taken shortly 
before labour when the blood volume has fallen but the weight of the 
embryos is at its maximum. 

To pass now to Fig. 2 A in the light of what we have learned from 
series 2. It is not surprising that the points marked a should indicate so 
small a volume of blood, they are from rabbits observed at a very advanced 
stage of pregnancy, two being on the thirtieth day and one on the twenty- 
ninth. (Rabbits are sometimes born as early as the twenty-seventh 
day.) The litters are all rather light, the points in question might easily 
be anywhere up to 400 g. with blood volumes of the same order. In 
Fig. 2 A and B the continuous lines enclose all the points where the 
blood and volume is increasing or maximal, the dotted line includes all 
points whatever. 

The only correlation on the foetal side which appears to follow the 
volume of blood in the maternal organs is the aggregate weight of the 
combined foetal placentae, so far as they can be detached from the 
maternal portions, and this correlation is very close up to the twenty- 
fifth day, but we have not obtained any growth between the twenty-fifth 
and twenty-eighth days (Fig. 7) in the foetal placentae which is com¬ 
mensurate with the peak in the maternal blood. 

Summary and conclusions. 

1. A technique is described for the measurement of the quantity 
of blood in the genital tract of the female rabbit. 

2. During the resting condition the genital organs contain less than 
2 c.c. of blood. They become appreciably more vascular from the fifth 
or sixth day onwards, and about half-way through pregnancy contain 
about 10 c.c. of blood. Up to this point the embryos are of negligible 
weight. By the twentieth day the embryos weigh only about 6 g. and 
the generative tract of the mother contains about 15 c.c. of blood. 

The maximal quantity of blood, about 30 c.c., seems to occur about 
twenty-eight to twenty-nine days and the quantity falls rapidly before 
parturition. The significance of the arrangement of vessels is discussed. 
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especially in reference to the possibility of intra-uterine haemorrhage due 
to pressure on the veins. 

3. The quantity of blood in the generative organs on any particular 
day does not bear so near a relation to the number of foetuses as does the 
total weight of the embryos. 

4. The quantity of blood in the genital organs seems to be closely 
related to the combined weights of the foetal placentas up to the twenty- 
fifth day when the latter seem to cease growing. 

Our thanks are due to the Royal Society for a grant by which a portion of the expenses 
of the above research have been paid. 
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OBSERVATIONS ON THE PROXIMAL PORTION 
OF THE EXTERIORIZED COLON, 

By J. BARCROFT and F. R. STEGGERDA, 

{From the Physiological Laboratory^ University of Cambridge^ and 
the Department of Physiology^ College of Medicine^ 

University of Tennessee^ Memphis.) 

In previous papers it has been shown that the exteriorized spleen 
[Barcroft and Stephens, 1927] and loops of the small intestine 
[Barcroft and Robinson, 1929] of the dog yield valuable information 
concerning the function and activity of these organs under normal en¬ 
vironmental conditions. Consequently it was of interest to study in a 
similar manner the activity of the exteriorized caecum and proximal 
portion of the colon. 

Although there may be some doubt as to whether the activity of the 
caecum and colon under these conditions is exactly normal, we believe 
that our results are fully as valuable as those obtained by such methods 
as opening the abdominal cavity and surrounding the intestines with 
warm saline [Alverez and Zimmerman, 1927], or inserting balloons 
into the lumen of the intestine and recording movements on a smoked 
drum, as originally done by Bayliss and Starling [1901] and more 
recently by Templeton and Lawson [1931], or even the still more 
satisfactory method of Cannon [1902], who X-rayed the intestines after 
the administration of a barium meal. This last method, no doubt, has an 
advantage over the other two in that the animal can be observed under 
normal conditions, and that anaesthetics need not be given nor the animal 
sacrificed; but it too has its disadvantages in that the observations 
are indirect and made not on the gut itself but on its contents. Also the 
weight of the barium in the intestine may interfere with the normal 
movements. 

Our method, we believe, though it has its own disadvantages, may 
add to the knowledge already obtained by the X-ray method in that 
(a) we can make observations on the intestinal muscles themselves 
rather than on their contents; (6) we study the animal, not under anass- 
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thetic or during an operation, but after the animal has returned to normal 
health and activity; (c) we can study the same animal over a long period 
of time under various conditions, such as starvation, response to foods, 
and the effects of various drugs, such as morphine and magnesium sul¬ 
phate, and their relation to the water content and movements of the 
colon. 

Our data represent observations on three dogs. Before presenting the 
data, however, we consider it important to give an account of the opera¬ 
tion and the time and progress of the dogs in their return to apparently 
normal activity. In each case a female dog was used, and no food was 
allowed for a day before the operation. One-half c.c. of 5 p.c. morphine 
was injected 1 hour before the operation. The anaesthetic used was an 
ether-chloroform mixture. 

The steps of the operation were as follows: a transverse incision was 
made through the skin and abdominal wall about 1 inch above the 
umbilicus, extending about 2 inches on either side of the midhne. At 
each end of this incision we cut away a circular piece of the abdominal 
muscle wall so as to avoid undue constriction of the ileum at one end and 
the more distal colon at the other. Then an opening of about the same 
size was made in the omentum and the colon located. The colon is usually 
found rather deep in the abdominal cavity and just below the lower 
curvature of the stomach, and may be recognized by the longitudinal 
striations of its muscular wall, which are more pronounced than those of 
the small intestine. After it was found and drawn to the outside, the 
caecum was uncoiled slightly and anchored to the outside of the ab¬ 
dominal wall with one or two sutures. A number of catgut sutures 
sufficient to pull the abdominal wall together underneath the exteriorized 
colon were then put in place but not tied. Following this, other sutures 
were put through the skin in the same manner. Then, while the colon 
was held up in position, the muscle sutures were drawn up and tied, and 
then those of the skin. Care was always taken in placing the sutures to 
avoid constriction of blood vessels underneath the exteriorized portion, 
and at the same time, not to draw them too tightly. The total length of 
the exteriorized portion was about 12 cm., of which the caecum made 
up 2J cm. 

After the operation was completed, the exposed portion was smeared 
liberally with vaseline, and supported on either sidg by a thick pad of 
cotton wool. These pads w^ere held in place by a bandage wrapped tightly 
aroimd the animal’s abdomen. Clean bandages were put on every other 
day for at least the first 2 weeks, and the area washed with warm 
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saline, except when any sign of infection occurred, at which Eusol was 
substituted. The animals were kept in a warm room at a temperature of 
about 2S° C. for at least a week after the operation, and to keep them 
quiet small doses of morphine were occasionally injected during the first 
2 days. The rectal temperature was recorded daily. In regard to food, 
the animals were given water, usually containing glucose, on the second 
day; on the third day they were allowed both water and diluted milk, 
and on the fourth a small quantity of boiled fish. This fish diet was 
continued for nearly 2 weeks before more solid food was given. 

The first fseces in each case were found in the cage on the morning of 
the fifth day, this being coincident with and probably related to an in¬ 
creasingly solid diet. As was expected, the faeces were of a very watery 
consistency, which continued from 10 days to 2 weeks and then gradually 
became more concentrated. To obtain information on the rate of con¬ 
centration of the faecal material from this time on, the water content was 
determined by collecting two samples of faeces immediately after de- 
faecation, in weighing bottles, and drying them at 100° C. The rate of 
concentration of the faeces of the three dogs and the number of days 
required to reach a constant concentration are recorded in the following 
table. 


Table I. The rate at which faeces concentrate after the operation. 


Dog I- 

-‘‘Susie ” 

Dog II— 

“Florence” 

Dog Ill- 

—“Nina” 

Daj’^s 

HjC) of faeces. 

Days 

HjO of fajces, 

Days 

HjO of fajces, 

after 

av. 2 samples 

after 

av. 2 samples 

after 

av. 2 samples 

operation 

(p.c.) 

operation 

(p.c.) 

operation 

(p.c.) 

17 

77-8 

15 

84-8 

19 

84-6 

19 

70-0 

22 

790 

24 

80-2 

29 

64-7 

27 

72-4 

31 

720 

52 

61*9 

34 

71-3 

80 

71-7 


As Table I indicates, within 12 days after the faeces were noticed to 
be less watery the water content of the faeces had reached a level, this 
level being determined by comparing the last samples with some taken 
at a random time after apparent recovery of the dogs. 

In conjunction with this watery state of the faeces, it was noticed that 
there was very little sign of activity in the muscular walls of the colon, 
and also that the area appeared to be congested and inflamed. It is 
possible that this condition was due to a loss of muscular tone brought 
on by the manipulation of the colon during the operation. But as the 
colon gradually took on a more healthy colour, a series of small kneading 
contractions were detected; at the same time the colon appeared to 
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become more distended, and soft and flabby to the touch. This state of 
recovery gradually spread back toward the caecum, which regained its 
tone and normal colour about a week after the colon. The interesting 
fact in this connection is that at the time the colon and caecum were 
regaining their tone and activity the faeces were becoming more con¬ 
centrated, which is quite in keeping with the idea that the proximal 
colon and caecum are closely related to the concentration of the faeces. 

Another point of interest is the manner in which the act of defaecation 
was carried out, particularly by the dog “Susie,” before and after the 
activity of the colon had been re-established. Previous to the recovery, 
it was noticed on many occasions that, whenever the dog was about to 
defsBcate, she would run around the room in a distressed manner and at 
intervals slow down her pace and shake her hind quarters and tail most 
violently. This act she repeated four or five times, and then, without 
even squatting, would pass a thin watery mass of fseces with considerable 
force. But after the tone and activity of the colon and caecum had been 
regained the act of defaecation was carried out quite normally. We also 
observed this same kind of behaviour on the part of the dog later when 
we were studying the activity of the colon after the administration of 
morphine. 

These observations lend evidence to the view advanced by Hertz and 
his collaborators [1907] that, just previous to the act of defaecation, the 
proximal colon and caecum contract, forcing the faecal matter down into 
the rectum. Up to the present it has been impossible to observe the colon 
during actual defaecation, but we have observed it just before and after 
the act and found that the colon is very much distended before and 
emptied after. It has also been noted on several occasions that if the 
colon was kneaded for any length of time and the faeces thereby pushed 
along toward the rectum, upon releasing the dog, the act of defaecation 
took place. 

Within 3 weeks after the operation it was noticed that an epithelial 
layer, starting from the cut edges of the skin, was growing over the 
exteriorized portion, and finally covered it completely. This is the same 
type of protective layer as covers the exteriorized spleen (Barcroft). 

In discussing the types of movements found in the colon and caecum, 
one is confronted with the difficulty of finding a satisfactory means of 
presenting the data. Moving pictures would be ideal for demonstration, 
but impractical for publication. Graphic records, although convenient, 
present mechanical difficulties in representing the true activity of the 
organ and are often misleading. We concluded, therefore, that direct 
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observation with the eye and a descriptive tabulation of the data were 
the most convenient and satisfactory for our purpose. 

As any extraneous noises disturbed the dogs, we carried on our ob¬ 
servations in a practically soundproof room. The animal was studied 
lying on her side on a table, the time of observation often lasting 1J hours. 
We made observations of movements occurring (a) from J to 12 hours 
after feeding, and while feeding the dog on the table to note the presence 
of any gastro-colic reflex, (b) before and after giving her 2 g. of mag¬ 
nesium sulphate in 150 c.c. of water by way of stomach tube, and (c) imder 
the influence of morphine. Since these three types of conditions produced 
different effects we shall treat them separately. The following discussion 
and figures will represent the findings on the two dogs “Susie’’ and 
“Florence.” All the types of movements found were confirmed in the 
third dog, but not to such a pronounced degree, due to improper healing 
of the epithelium of the colon. 

(a) Normal movements of the ccecum and colon. 

The type of movements most frequently seen in the caecum and 
colon occurred | to 12 hours after the animal had been fed. These move¬ 
ments started in the caecum, where slight but definite kneading con¬ 
tractions occurred in the lower end, appearing three or four times, at 
intervals of about \ minute. These were followed by a deeper contraction 
which involved practically the whole caecum and usually had a forward 
movement, pushing on down toward the ileo-caecal region. Then there 
was a tendency for the caecum to relax, but shortly after, another deep 
caecal contraction appeared, and often a third and fourth. They some¬ 
times followed one another so closely that the caecum appeared to relax 
hardly at all. 

By this time there was usually a marked constriction in the region of 
the ileo-caecal valve which remained contracted for 3 or 4 minutes. As 
a result of these caecal contractions the colon became quite distended, 
and shortly afterwards one might see shallow anti-peristaltic waves 
appearing near the region where the colon entered the abdominal cavity. 
They continued to course back toward the ileo-caecal constriction at a 
rate of five to seven a minute, becoming deeper and deeper as they 
continued along the colon. By this time the caecum and ileo-caecal con¬ 
strictions were usually beginning to relax. After these anti-peristaltic 
waves had coursed back for about 2 to 4 minutes, a series of deep kneading 
contractions, about 1cm. apart, appeared to start near the ileo-caecal region, 
and work on down the colon, stopping the progress of the anti-peristaltic 
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waves. In some cases, by the time these kneading constrictions had reached 
the distal end of the colon, the ileo-ceecal region had become quite relaxed, 
while in other cases the whole colon seemed segmented at one time. 

A second type of movement which we observed frequently had its 
origin in the ileo-caecal region. It was a deep massive contraction that 
nearly occluded the lumen of the colon, and then very slowly passed on 
down the colon, forcing a mass of intestinal contents before it. As this 
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Fig. 1 A and B. The normal ty{)e of movements found in the cojcum and colon in dogs 
“Susie” and “P’lorence” respectively. S. Shallow contractions. M. Medium contrac* 
tions. D. Deep contractions. 

contraction moved along, there appeared in the distended portion of 
the colon just ahead of the contraction, about 1 cm. in length, a group 
of hardly perceptible anti-peristaltic waves. The total time it took the 
contraction to travel the length of the exposed colon was about 15 minutes. 
It seemed to occur when the fsecal content was rather dry and solid, for 
on no occasion was it observed when the colon was well distended with 
a watery fecal material. 

Quite different from these results were those obtained directly 
(2--6 min.) after the dog was fed with a biscuit or two on the table. In 
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this case the contractions first occurred in the ileo-c©cal region and colon, 
and not in the ceecum as before. These constrictions became very pro¬ 
nounced and were usually followed first by the anti-peristaltic waves and 
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Fig. 2 A and B. Evidence of a gastro-colic reflex. The dotted horizontal line represents 
the point at which food was given under observation. (X) in Fig. 2 A is the point at 
which normal series of movements appears. (See Fig. 1.) 


then by occasional kneading contractions. Then, with short periods of 
slight relaxation between constrictions, this series of movements was 
repeated again and again for about 10 minutes. The caecum all this while 
remained comparatively inactive, in some cases for 30 minutes after the 
food had been given. 
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This type of contraction corresponds to those described by Hertz 
and Newton [1913], who, using X»rays on humans, found that similar 
movements occurred directly after the entrance of food into the empty 
stomach, and explained it as a gastro-colic reflex to clear the colon of 
material for the entrance of further intestinal content from the small 
intestine. 

To present these two types of intestinal movements in a graphic form 
we have prepared the preceding figures (Fig. 1A and B and Fig. 2 A and B). 
In these graphs the lengths of the horizontal bars represent the depth of 
the contractions, their positions on the vertical line indicating the times 
at which they appear. However, the number of bars does not indicate 
the number of contractions which occurred; the graph is designed to 
show the intensity of the movements and not the quantity. 

Fig. 1 A and B give examples of the normal movements, and show 
how the C 80 cal movements appear first, followed by those in the ileo- 
csecal region and then those in the colon. This graph does not include a 
representation of the slow progressive movement in the colon which we 
have referred to as the ‘‘second type.” Fig. 2 A and B represent the 
gastro-colic reflex shortly after the food has entered the stomach, the 
major movements in this case being contractions of the ileo-caecal region 
and anti-peristaltic waves, with very little evidence of caeca! and kneading 
movements. At (x), in Fig. 2, however, it may be noticed that the 
csecal movements again appeared, starting a series of normal movements 
like those in Fig. 1. 

(6) Effects of MgS 04 . 

Observations were made on the colon and caecum before and after 
giving 2 g. of magnesium sulphate in 150 c.c. of water by stomach tube. 
The results obtained can be best described by the use of Fig. 3 A 
and B. 

As will be noticed, the usual cycle of movements appeared before the 
injection. As shown in Fig. 3 A, which represents the dog “Susie,” 
within 15 minutes after the injection we found movements like those 
described in Figs. 1 and 2, the caecum being very inactive and the other 
parts quite active. Three hours after the injection, however, the colon 
and caecum were observed to be very much distended and less active, the 
only movements noticeable being shallow anti-pejistaltic waves, ap¬ 
pearing quite regularly and occasionally developing into deeper waves; 
and at times contractions of the ileo-caecal region were also observed. 
The c00cum at this time was very much distended and practically inert, 
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and there were no kneading movements following the anti-peristaltac 
. 5 houTafter the injection, the movements were sumlar 

rZ^u'diLS. except that^here seemed to be more activity m 




Fig. 3 A and B. The effects of magnesium sulphate by stomach tube with observations 
at different intervals of time after the administration. 


the cfiecum than before. With this dose of 2 g. of magnesium sulphate, 
defecation took place from *5^ to 6 hours after its administration, the 
feces being very watery, as would be expected. In one case the colon 
was observed directly after defecation and was found to be empty and 
very inactive. 
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(c) Effects of morphine. 

Since it is generally accepted that morphine has an inhibitory effect 
on the intestinal movements, and is often prescribed in cases of diarrhcea, 
it was of interest to observe its effect on the exposed colon. The dogs 
were injected with \ c.c. of 5 p.c. morphine, and an hour later showed 
the customary symptoms, such as vomiting, defsecation and weakness of 
the hind legs. Observations made during the course of the day showed 
that the caecum and ileo-caecal region were the only portions of the gut 
to show any movement, and even these were very slight and occurred 
only occasionally. Very rarely a slight kneading movement appeared in 
the colon. Late in the day the colon became very distended. In no case 
was there any sign of anti-peristalsis or progressive movement in the 
colon. In one of our dogs (“Florence”) the morphine seemed to cause a 
slight increase in the tone of the colon, an observation quite in accord 
with the recent work of Gruber and Robinson [1929] on the small 
intestine. This increase in tone probably accounts for the more frequent 
kneading movements in the dog. 

Fig. 4 A and B are graphs of the observations made on the exposed 
colon after the injection of morphine. 

Before any theoretical statement concerning the significance of these 
different movements in the dog’s colon and caecum is given, it may be 
said that the existence of anti-peristaltic waves in the dog’s colon has 
hitherto been a subject of controversy. Cannon [1903] and Henderson 
[1909] are of the opinion that they do occur in the colon of the dog as well 
as the cat. Thomas and Kuntz [1926] also report a case in which they 
observed anti-peristaltic waves in the colon of a dog after giving large 
doses of nicotine. Elliott and Barclay-Smith [1904], although agree¬ 
ing with Cannon concerning their appearance in the cat and other 
animals, were unable to detect any in dogs. Recently, however, Temple¬ 
ton and Lawson [1931], using the balloon method, recorded movements 
very similar to ours, and stated that they had found forward and back¬ 
ward movements passing along the colon of the dog, but hesitated to 
classify them as peristaltic and anti-peristaltic waves. 

Just why there has been so much difficulty in finding these anti- 
peristaltic waves in the dog is hard to understand, since in our experi¬ 
ments we seldom failed to find them if the dog was observed for more 
than 20 minutes at a time. Furthermore, our observations on the 
ordinary cycle of movements in the colon of the dog are almost identical 
with those of Cannon on the cat, even in the rate of the waves and the 
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frequency of their appearance. What he refers to as a marked bulging 
between successive constrictions following the deeper anti-peristaltic 
waves” we have called a “kneading” type of movement. 
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Fig. 4 A and B. The effects of morphine sulphate on the movements of the caecum 
and colon at different intervals of time after subcutaneous injection. 


The conclusions concerning the physiological significance of the move¬ 
ments we observed can be only theoretical and subject to criticism. But, 
judging from the consistency of their mode of action and the order of 
their appearance, we believe that the caecum plays an important r61e in 
the concentration of the faeces. It also seems to be one of the functions 
of the colon, through its anti-peristaltic and kneading contractions, to 
churn and force fa)cal material back toward the caecum. The deep, slow, 
progressive wave along the colon, which has similarly been described by 
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Elliott and Barclay-Smith, we believe is the means of pushing the 
more concentrated material on down into the more distal colon, since it 
appears only when the material is quite concentrated, and was rarely 
noticed when the colon was distended with watery faeces after injections 
of MgS 04 . 

SUMMABY. 

1. From 2 to 3 weeks after the colon and caecum had been exteriorized, 
the water content of faeces began to diminish along with the return of 
activity and tone of the exteriorized parts. 

2. There is a typical series of movements, consisting of caecal con¬ 
tractions, followed by anti-peristaltic waves and then a type of kneading 
contractions in the colon. These series usually occur at intervals of about 
30 minutes. 

3. There is evidence of an occasional slow, deep, progressive wave in 
the colon. 

4. We found anti-peristaltic waves in the colon of the dog, appearing 
at the rate of five and seven a minute. 

5. There is evidence of a gastro-colic reflex, appearing within a few 
minutes after feeding. 

6. Movements were observed after the administration of magnesium 
sulphate and morphine, which differed from the normal in both frequency 
and intensity. 
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THE OPTIMUM TEMPERATURE FOR INVESTIGA- 
TIONS ON THE FROG’S CIRCULATION. 

By E. M. SCARBOROUGH. 

{From the London {R,F.H.) School of Medicine for Women.) 

In a previous paper [Cullis and Scarborough, 1932] attention has 
been drawn to the influence of temperature in modifying the effects of 
certain drugs on the frog’s circulation. Preliminary experiments on the 
influence of variation in temperature only on the blood-pressure, heart 
rate and web circulation of the frog were also reported. Before proceeding 
to further experiments involving the use of drugs, it seemed advisable to 
repeat a series of experiments in which, as far as possible, temperature 
should be the only variable factor, in order to ascertain the optimum 
temperature for the investigation of drug effects on the circulation. 

Method. 

The experiments were carried out during the winter months (Novem¬ 
ber to March, 1931'-2), With a few exceptions male frogs of fairly 
xmiform size were selected. A method which has been previously de¬ 
scribed [Cullis and Scarborough, 1932] was used, and observations 
were made on the blood-pressure, heart rate and web circulation, the 
temperature being kept constant throughout each experiment. The series 
consisted of five groups of twenty consecutive experiments. The tem¬ 
perature of each group was different. The temperatures used were 6, 10, 
15, 20 and 25° C. 

Results. 

The duration of most of the experiments was 3 to 4 hours. The 
following results are from observations taken at intervals of J hour 
during the first 3 hours of each experiment. One experiment at 25° C. 
is omitted as the circulation failed within an hour. 

The relationship between heart rate and temperature, which has 
been shown to be a linear one [Taylor, 1930], was maintained throughout 
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the series with three exceptions. These experiments (two at 20° C. and 
one at 26° C.) are also omitted. In each group the average heart rate at 
the end of 1 hour differed by less than 1 beat from the average rate at 
the end of 3 hours. 

The relationship between blood-pressure and temperature was less 
obvious. The initial readings and the subsequent changes in blood- 
pressure varied considerably, and average figures do not fairly represent 
these variations. Fig. 1 shows the blood-pressure changes in five single 
experiments, one from each group, the experiment chosen being the one 



Fig. 1. Blood-pressure changes in single experiments at 
5^C., 10® C., 16® a, 20® a, and 26® C, 


which started nearest to the mean initial blood-pressure of the group. 
At 6® C. the blood-pressure rose during the experiments, with only two 
exceptions in which it fell. At higher temperatures the changes were 
more variable, but the blood-preasure showed a general tendency to fall 
throughout (at 10® C. there were two exceptions, at 15® C. seven, at 
20® C. five and at 26® C. two in which the pressure was maintained or 
rose). The fall was most marked at 25® C, The initial readings were 
generally lowest at 6® C., and the final readings lowest at 25® C. 

The web circulation was brisk and open (using open’’ in reference 
to the number, not the calibre, of active vessels) at the onset of the 
majority of the experiments (80 p.c. or more at 6® C. to 20® C., 65 p.c. 
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at 25° C.). At the end of more than half of the experiments the web 
circulation was slow and closed (i.e. number of active vessels diminished). 
Fig. 2 gives a graphic representation of the condition in each group at 
hourly intervals throughout the series. 

It will be seen that the web circulation failed most markedly at 
extreme temperatures, and only at 15° C. was well maintained for 
3 hours. The web circulation was good in 72 p.c. of the observations in 
which the blood-pressure was above 350 mm. water and in 40 p.c. of 
those below. At 5° C. only a rise in blood-pressure was generally associated 
with impairment of the web circulation. In the few experiments in 
which blood-pressure rose at other temperatures the w'cb circulation was 


20 



iO^C, /S^C, ZO^C, 25^C, 


Fit?. 2. Condition of tht* ueb circulation (white =good, black---poor) at (iifferent 
temperatures. The first column of each group represents tbe condition at the 
beginning of the experiments, and the second, third and fourth at the end of 
intervals of 1 hour. 


maintained. At 15° C. a fall in blood-pressure was associated with a 
good web circulation, with two exceptions in which the fall was excessive. 
In experiments in which the blood-pressure fell at other temperatures 
there was a general tendency towards impairment of the web circulation. 
It is perhaps of interest to report that during the four experiments at 
5° C. in which the web circulation was maintained the frogs struggled 
slightly. Such struggles occurred during three other experiments at 
5° C. and occasionally at other temperatures. Throughout the series 
impairment of web circulation was associated with closing of the capillary 
network and slowing of the flow through the larger vessels. There was no 
marked change in the calibre of the active vessels, and no obvious 
difference between the impairment which developed at 5° C. and at 
25° C. 



TEMPERATURE ON PROOFS CIRCULATION. 4T5 

The following results were obtained from experiments in which the 
frog’s vessels were perfused with Einger’s solution at 16® C. and then at 
6® 0. or 26® C. At 6® C. the vessels were constricted in four out of six 
experiments; at 26® C. the vessels were dilated in four out of six. Direct 
application of water at 6® C. to the web caused closing of the capillary 
network in each of six observations, with slowing and congestion in the 
larger vessels in five out of six. Water at 26° C. caused transitory closing 
of the capillary network in three out of six observations, and no change 
in the larger vessels. 

Discussion. 

The blood-pressure is best maintained at 6® C., the web circulation 
at 16® C. The web circulation fails at 6® C. in spite of a rise in blood- 
pressure, and is maintained at 16® C. in spite of a fall. This result suggests 
that at 6® C. the blood-pressure is maintained or rises because the peri¬ 
pheral circulation is cut off. Brooks [1918] has shown that the leopard 
frog becomes very sluggish and inactive in water below 6° C. This 
inactivity, comparable to that of the hibernation period, may be asso¬ 
ciated with a similar circulatory change. The results of perfusion of 
vessels and direct application to the web indicate some active constriction 
at low temperature. Krogh [1920] found that local cooling produced 
dilatation in the lingual vessels, but [1921] that cutaneous capillaries 
differed from lingual in response to stimuli. At high temperatures the 
condition of the web circulation is largely determined by the actual 
height of the blood-pressure, and by the rate of fall. 

The optimum temperature for the investigation of drug effects on 
various factors of the intact circulation is considered to be 15® C., given 
that occasional experiments are excluded in which the blood-pressure 
falls excessively and the web circulation is impaired. 15® C. is the 
temperature of the animal house in which the frogs are kept, and it is 
found that better results are obtained if the animals are acclimatized 
there for a few days before use. Further investigations are at present 
being made upon the effect of temperature on the absorption of drugs, 
and also upon the actual rate of absorption from the lymph spaces at 
16° C. 

Summary. 

1. Results of experiments upon the influence of tepaperature on the 
circulation of the frog show (a) that the blood-pressure rises at 6® C., 
and tends to fall at other temperatures; (5) that an active web circulation 
is maintained best at 16® C. 
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2. It is suggested that the rise of blood-pressure at 6® C. is associated 
with an active constriction of the peripheral circulation, 

3. 16® C. is considered to be the optimum temperature for the in¬ 
vestigation of drug effects on the circtilation. 
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THE r6lE of lactic ACID IN NERVE ACTIVITY. 

By T. P. FENGK 

{From the Department of Physiology and Biochemistry^ 

University College, London,) 

Gerard and Meyerhof [1927] showed that nerve left in nitrogen 
produces lactic acid at a rate apparently unaffected by stimulation, and 
that the lactic acid formed during anaerobiosis is not removed on 
readmission of oxygen. Later Holmes, Gerard and Solomon [1930] 
found a slight rise in the lactic acid content of stimulated bull frog 
sciatics in oxygen, which, however, as the authors themselves pointed 
out, might really have been due to partial asphyxia on account of the 
close packing of the nerves. At any rate their parallel experiments on 
rabbits’ nerves gave a slight decrease in the lactic acid content of 
stimulated ones. With this absence of a change in the lactic acid content 
there was also no change, as a result of stimulation, in the “free sugar” 
and glycogen. These results contrast strikingly with those found in 
muscle and make it doubtful whether lactic acid formation and oxidation 
constitute any part of the chemical events accompanying nerve activity. 
If, however, lactic acid forms no part of the working mechanism of nerve, 
it should make no immediate difference to the nerve whether its forma¬ 
tion is suppressed or not. Poisoning, therefore, with iodoacetic acid 
furnishes a means of investigating the problem further. 

The effect of iodoacetic acid was first roughly tested by soaking the 
nerve of a gastrocnemius-sciatic preparation in 1 p.c. iodoacetic acid 
(hereafter i.a.a.) with the muscle hung above the solution. After over 
4 hours, crushing the nerve still called forth contraction. This at first 
gave the impression that nerve was practically immune to the action of 
I.A.A. The poisonous ^^ffect, however, was exposed by a study of the 
capacity of i.a.a. treated nerves for prolonged activity, employing the 
action current as indicator. Such nerves deteriorate progressively when 
tetanized and fail altogether in the course of 2 hours or^so, depending on 
the degree of poisoning and the rate of stimulation. 

^ Tsing Hua University Eellow. 
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Method, 

The sciatic nerves of medium-sized Hungarian Rana esc* were used 
throughout this work. In any one experiment two symmetrical nerves 
were employed, one serving as a control for the other. They were first 
soaked in the solution to be studied and then mounted in the ebonite 
chamber sketched in Fig. 1. The chamber was separated into two com¬ 
partments (left and right, Fig. 1) by a wall provided with two slots, 
which accommodated the nerves and could be sealed when desired by 
vaseline. Each compartment was divided down the middle by an in¬ 
complete partition represented by the dotted line in Fig. 1. This parti- 



Fig, 1. Eboiuto nerve chamber. I, gas inlet; O, gas outlet; AA\ BB ', stimulating elec¬ 
trodes; CC\ DD\ action current electrodes. See text for further description. 

tion increased the surface for holding wet filter paper so that the nerves 
could be more easily kept moist, and helped to avoid electric leaks from 
one set of electrodes to the other. Electric insulation was further 
secured by coating the interior of the whole chamber with paraffin wax. 

A A' and 55' are stimulating electrodes; CO' and DD' are leads to a 
Downing galvanometer with coils of total resistance about 20,000 ohms, 
the resistance of the nerve between the galvanometer leads being of the 
order of 70,000-80,000 ohms. The working sensitivity was about 
1 mm. = 5 X 10~^^ amp. A condenser of 20 mfd. capacity was in series 
with the galvanometer to block the injury current. Continuous stimula¬ 
tion was given in most experiments by an induction coil with a rate of 
about 50 make and 50 break shocks per sec., sometimes by repetitive con¬ 
denser charge and discharge with the aid of a commutator. Test stimuli 
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were always by induction coil, te^nizing for a time sufficient for the 
galvanometer deflection just to reach its maximum, usually about 1 sec. 

Apart from chemical determination of lactic acid formation there is 
no known reliable indicator of a sufficient degree of i.a.a. poisoning in 
nerve such as in muscle is afforded by the onset of contracture. After a 
number of trials concentrations around 0*4 p.c. were adopted as suitable. 
Such concentrations are well below that which may interfere with 
respiration [see Gerard, 1931] and give a striking poisonous effect to be 
described presently. Whether they inhibit the formation of lactic acid 
has not been determined chemically. It was found that for sure poisoning 
the duration of soaking must not be less than 2 hours. This is not 
astonishing since the connective tissue sheath of frog’s nerve is a very 
efficient diffusion barrier [see Feng and Gerard, 1930], and i.a.a. 
poisoning is progressive, requiring some time to develop. 


Resitlts. 

(1) The rapid failure of i.a.a. poisoned nerve when stimulated 

in oxygen. 

The most conspicuous sign of i.a.a. poisoning in nerve is the inability 
of such nerve to endure prolonged activity. Fig. 2 plots galvanometer 
deflection, representing action current to a test stimulus, against time of 
tetanization. Curve A was given by a normal nerve; B by the sym¬ 
metrical nerve previously soaked in 0-4 p.c. i.a.a. for 3 hours. The i.a.a. 
nerve failed completely after 1J hours’ continuous stimulation, while the 
normal nerve gave even a larger response after the same amount of 
stimulation. That failure is somehow brought about by stimulation and 
is not due merely to the gradual development of the i.a.a. effect is clearly 
shown by the steep fall of curve JB, shortly after the application of con¬ 
tinuous stimulation, from a slightly rising base line. 

Assuming that with the concentration employed the above recorded 
effect of i.a.a. is entirely related to the inhibition of lactic acid formation, 
the rapid failure of stimulated i.a.a, nerve may be attributed (a) to the 
absence of formation of lactic acid with its attendant energy liberation, 
and (b) to the loss of the free energy that comes from the oxidation of the 
lactic acid formed. Probably both (a) and (6) are contributory to the 
deleterious effect of i.a.a., but they can be separately tested (i) by 
studying the performance of i.a.a. nerve in nitrogen and (ii) by suppl 3 ring 
I.A.A. nerve with lactate. 
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Fig. 2. The effect of continuoua tetanization on the response: normal nerve; JB, i.a.a. 

poisoned nerve; both in oxygen. The points plotted are galvanometer deflections 
representing action current to a test stimulus of about 1 sec. duration given by induc¬ 
tion coil during a short gap in the tetanus. Note that B failed completely after about 
100 min. tetanization, while A gave a greater response after the same amount of 
stimulation. 



Fig. 3, The rate of asphyxiation of normal and i.a.a. poisoned nerve. Action current 
response to a short tetanus. 
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(2) The greater susceptibility of i.a.a. rierve to oxygen ward. 

Fig. 3 is one of four experiments on the rate of asphyxiation of normal 
and i.A.A. poisoned nerves which gave similar results. In such experi¬ 
ments frequent stimulation must be avoided because of the injurious 
effect of stimulation itself on i.a.a. nerve. In Fig. 3 the points plotted 
include all the test stimuli given, each being about 1 sec. tetanus by 
the induction coil. The poisoned nerve was completely asphyxiated in 
IJ hours, while the normal nerve still gave considerable response after 

hours. The ratio of the times required to asphyxiate normal and i.a.a. 
nerves has not been determined exactly: approximating, however, it may 
be estimated that nerve poisoned with the concentration of i.a.a. used 
is asphyxiated in about one-third the time required for normal nerve. 

One point to be particularly noted in Fig. 3 is the absence of recovery 
of I.A.A. nerve on readmission of oxygen. In the particular experiment 
shown oxygen was admitted 1 hour after complete asphyxiation of i.a.a. 
nerve. If this had occurred immediately after its failure, as in some other 
experiments, a certain amount of recovery would have occurred (see 
Table II). Apparently some irreversible process goes on which, past 
a point, makes oxidative recovery impossible. 

The asphyxiation of nerve is primarily due to the depletion of the 
oxidation reserve, possibly in part also to the accumulation of toxic 
metabolites if such there be. It may be that i.a.a. nerve uses its oxida¬ 
tion reserve less economically, or that the products of disturbed meta¬ 
bolism are more toxic. It seems more likely that the formation of lactic 
acid with its attendant energy liberation, since anaerobic production of 
lactic acid by nerve is an established fact, helps to keep the nerve in 
working condition. 

(3) The effect of sodium lactate on nerve poisoned by i.a.a. 

For testing this point a phosphate-buffered i.a.a. solution of any 
required concentration is made up and divided into two portions, to one 
of which sodium lactate is added, usually in an amount to make the 
solution finally contain 180 mg./lOO c.c. of lactate. Two symmetrical 
nerves are then soaked respectively in the two solutions. After 2 hours 
or more soaking, both are mounted in the chamber and continuous 
stimulation of both carried out simultaneously. Eight experiments of 
this kind were made, which are summarized in Table I, the nerve which 
had been soaked in i.a.a. solution containing lactate being always found 
to stand a considerably longer period of stimulation than its symmetrical 
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Tabus I. 
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6 
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3 5 
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180 
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( 

hrs. before being poisoned. 

7 

0-4 

2 6 

3 0 

4 30 + 

180) 

[ 

Slow stimulation at about 

8 

0-4 

4 15 

2 10 

4 30 + 

180] 

t 

7 per sec. 



Pig. 4. The beneficial effect of sodium lactate on nerve poisoned by i.a.a. and continuously 
tetanized: A, by i.a.a. solution alone; B, by i.a.a. solution containing lactate in con¬ 
centration 180 mg./lOO c.c. Both in O 2 . Response to a test stimulus during a short 
gap in the tetanus. Note that B endures tetanization much longer. 

nerve poisoned in i.a.a. solution only. Fig. 4 shows one of these experi¬ 
ments, in which continuous stimulation was given by induction coil. The 
nerve soaked in i.a.a. alone failed completely after 1 hour 16 min., while 
it took 2 hours 16 min. to induce complete failure in the nerve treated 
with lactate as well as i.a.a. 

There is no doubt about the beneficial effect of lactate on i.a.a. 
poisoned nerves in oxygen or air. In nitrogen, however, the effect is not 
obviously shown. Table II includes all the experiments made on this 
point. Of the eight experiments only two show a small difference in the 
time to complete asphyxiation in favour of the lactate nerve. On 
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Table n. 

Time to complete Recovery on re- 
Duration asphyxiation in admission of 
of previous min. Nerve pre- oxygen: p.c. of 
soaking previously in initial deflection 
in i.A.A. /-,--N 


No. of 

solution 

I.A.A. 

I.A.A. + 

I.A.A. 

I.A.A. 

4- 


exp. 

hr. min. 

alone 

lactic acid 

alone 

lactic acid 

Remarks 

1 

2 

a* 

2 25 

2 45 

2 50 

60 

60 

45 

60 

60 

45 

0 

29 

0 
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60 


Nerve cx>ntmuou8ly 
mulated in N^ 

4 

4 10 

100 
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0 
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5 

2 35 

110 

no 

33 
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6 

2 50 

160 

160 

29 

91 

>■ 

Nerve resting in Nj 

7 

2 45 

135 

150 

22 

60 


8 

6 15 

160 

160 

9 

loj 




N.B. The concentration of i.a.a. used in this series of experiments was always 0*4 p.c, and 
that of lactate 180 mg./lOO o.c. 

♦ In this experiment oxygen was readmitted 40 min. after complete asphyxiation. 

readmitting oxygen, however, the beneficial effect of lactate again mani¬ 
fested itself. The nerve containing lactate recovered more rapidly and 
more completely (Table II). 

Thus experiments both in oxygen and nitrogen demonstrate that 
nerves with the ability to form lactic acid, or even containing added 
lactate, have a greater working capacity. One may conclude that nerve 
is capable of utilizing lactic acid by oxidation and that the formation of 
lactic acid is normally of functional importance. 

A few miscellaneous observations were made. The poisonous effect 
of I.A.A. in nerve, as in muscle, is irreversible. A nerve first soaked in 
0*4 p.c. I.A.A. solution for 2 hours and then transferred to normal Ringer 
for 3 hours behaves as if it had remained in i.a.a. solution all the time. 
Indeed the effect is progressive. Even without stimulation a poisoned 
nerve will become inexcitable after 10 hours or so. In this connection a 
curious phenomenon was found. A pair of symmetrical nerves was 
soaked in the same i.a.a. solution for 2 hours, one nerve was mounted in 
air, the other was allowed to remain in the poison solution; it is found that 
the one in air becomes inexcitable considerably earlier than that kept in 
the solution. This statement is based on two experiments. Possibly there 
are toxic metabolities which accumulate more in air than in solution. 

Discussion. 

The present work shows on the one hand that the formation of lactic 
acid is not essential to nerve function, yet on the other that it is required 
if the nerve is to endure prolonged activity. This is the same as in muscle. 
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There, too, lactic acid formation, though not essential to contraction, is 
responsible for the normal capacity of a muscle to do a great amount of 
work, and as recently shown by Mawson [1932], an i.a.a. muscle re¬ 
ceiving lactate can give a much greater number of contractions than one 
without. Such findings suggest that lactic acid in nerve, as in muscle, 
may be an intermediate state in the oxidation of carbohydrates. 

The present work, showing the functional importance of lactic acid in 
nerve, and the chemical investigations, which have given no evidence for 
such importance, are not necessarily in conflict. If lactic acid is oxidized 
as soon as it is formed during nerve activity, there need not be any 
accumulation of lactic acid as a result of stimulation; the accumulation, 
if any, represents the difference between formation and removal, which 
would most probably be too small to be detected. Carbohydrate content, 
however, should be decreased by stimulation in any case, a point which 
chemical study has so far failed to reveal. The following calculation, 
however, is pertinent. When a nerve is stimulated continuously at any 
frequency higher than about 100 per sec., the heat rate reaches its 
maximum within half an hour and then progressively decreases. With a 
lower frequency of about 50 per sec., and employing stimuli with optimal 
characteristics, namely, properly timed condenser discharges, a steady 
state of heat production is usually established, at the rate of about 
30 X 10“-® cal. per g. per sec. [Beresina and Feng, unpublished data]. 
Let us assume that during activity nerve burns glucose to COg and HjO, 
and let us take the heat of combustion of glucose to be 3-7 cal. per mg. 
Assuming all the energy liberated by stimulation to come ultimately 
from carbohydrate, the production of heat at the rate of 30 x 10“® cal. 
per sec. for a period of 3 hours would require the consumption of only 
0*09 mg. of glucose. This estimate is in all probability too high, and it 
would seem at least an open question whether the change in carbohydrate 
content due to stimulation falls within the limits of experimental error of 
present-day chemical methods. 

Hill [1932] had very recently shown that the course of recovery heat 
production in nerve can be closely represented by a double exponential 
equation with a quick and small first term and a slow and large second 
term. Possibly the first term represented anaerobic recovery by lactic 
acid formation, while the second term was oxidative recovery. If such 
were the case, the heat production of i.a.a. poisoned nerve should follow 
a different course from normal. This had been put to experimental test. 
Fig. 5 shows the analysis of the heat production in an 8 sec. stimulus by 
I.A.A. poisoned nerves. Just as the action current of such nerves pro- 
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gressivelj becomes smaller after increasing amount of stimulation, their 
heat production also decreases very rapidly in the course of an experi¬ 
ment. In the experiment shown, which is the better of two made, 
twenty 8 sec. stimuli were given at regular intervals of about 5 min. The 
response to the last stimulus was only about half as large as that to the 
first. Eight stimuli were about of the same size, and the analysis given is 
of the average of these only. Neither in absolute value nor in time course 
is the heat production of i.a.a. nerve significantly different from normal 
[see Hill, 1932]. 



0 4 8 12 16 

Seconds 

Fig. 6. Analysis of the heat production in an 8 sec. stimulus by i.a.a. poisoned 
nerve in O,. It appears to be normal in shape. 

The only previous investigation of which I am aware on the effect of 
I.A.A. on nerve activity is that of Ronzoni [1931], who reported that 
I.A.A. poisoned nerve stimulated twice every second is asphyxiated very 
much earlier in nitrogen than normal nerve similarly treated. The 
author, however, did not give any experimental details, not even the 
concentration of i.a.a. used, and it is difficult to appreciate fully the 
meaning of her results. 
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SUMMAEY. 

1. Frog’s nerve is definitely poisoned by soaking in 0'37-0'4p.c. 
iodoacetic acid for 2 hours or longer. The poisonous effect shows itself in 
the inability of such nerve to endure prolonged activity in oxygen. 

2. Such nerve is also much more readily asphyxiated in nitrogen than 
normal. 

3. Giving sodium lactate to poisoned nerve improves its capacity for 
prolonged activity in air or in oxygen; in nitrogen the time to complete 
asphyxiation, with or without continuous stimulation, does not seem to 
be lengthened by the presence of lactate, except occasionally and slightly. 
On readmission of oxygen the superiority of the poisoned nerve con¬ 
taining lactate again manifests itself in its quicker and greater recovery. 

4. These results indicate that frog’s nerve is capable of utilizing lactic 
acid by oxidation, and that the formation of lactic acid, though not 
essential to nerve conduction, enables the normal nerve to perform long 
hours of continuous function. 

I wish to express my sincere thanks to Prof. A. V. Hill for his interest 
in this work and for his encouragement; to Mr J. L. Parkinson I am 
indebted for much advice and assistance. 
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A COMPARISON OF THE PROPERTIES OF 
CERTAIN TISSUE EXTRACTS HAVING 
DEPRESSOR EFFECTS. 

By RALPH H. MAJOR, J. B. NANNINGA and C. J. WEBER. 

{From the Departmmt of Internal Medicine, Vnivereity of Kansas 
School of Medicine, Kansas City, Kansas.) 

The number of recent papers on the depressor substances in the various 
tissues of the body reveals an increasing interest in the subject; Frey 
[1929], Lange [1930], v. Euler and Gaddum [1931], Zipf [1931], 
Drury and Szent-Gyorgi [1929], and Felix and Putzer-Reybegg 
[1932]. It seemed desirable to compare the extract with which we have 
been working [1929,1930] with the substances obtained by these workers. 

In our experiments we have used extracts of brain, liver, lung and 
pancreas, prepared in an identical manner, although more experiments 
were carried out with brain extract than with the other extracts. The 
experiments on blood-pressure w^ere carried out under light ether 
ansDsthesia. 


Methods of preparation of the extracts. 

Ten kg. of brain, liver, lung or pancreas were mixed with 10 1. of 
acetone and the mixture stirred vigorously for a period of an hour. 
After filtration the filtrate was evaporated to dryness and taken up with 
200 c.c. of distilled water. This preparation will be referred to in the 
future as the crude extract of brain, liver, etc. 

Crude extracts were thus obtained from various portions of the brain, 
and Fig. 1 shows that extracts from the basal gangUa are more active 
than extracts from certain other parts of the brain. 

The effect of the various crude extracts after treatment with ‘‘norit” 
is shown in Fig. 2. This treatment, shaking up 25 c.c. of crude extract 
with 2 g. of norit, removes all the activity of the Iimg extract, 90 p.c. 
of the activity from the liver extract, 50 p.c. from the pancreas extract 
and only a small amount from the brain extract. Since this treatment 
removes histamine this is strong evidence that the activity of the lung 
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extract and most of the activity of the liver extract is due to histamine 
or histamine-like substances, as was shown by Best, Dale, Dudley 
and Thorpe [1927], and that the activity of the brain extract is not due 
to histamine. 
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Fig. 1. Curves showing the depressor effect of extracts from various parts of the brain. 
1 c.c. of extract represents 0*5 g. of brain tissue. 
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Fig. 2. The effect of treating the extracts with norit. Norit removes all of the depressor 
activity of the lung extract and most of the activity from extracts of liver and pancreas. 
Brain extract is only slightly affected by this treatment. 

The behaviour of the crude extract after treatment with phospho- 
tungstic acid is shown in Fig. 3. Treatment with phosphotungstic acid 
removes approximately 95 p.c. of the activity of the liver extract, 25 to 
50 p.c. of that of the pancreatic extract, 95 p.c. of that of the lung 
extract and approximately 50 p.c. of that of the brain extract. 
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Phosphotungstic acid should remove histamine and choline and so 
evidence is furnished that the activity of brain extract is not due to these 
substances. Felix and Putzer-Reybegg, by fractional precipitation 



Icc.Livcp lac. Livep kc-fencreas ka Pancreas 
PUacidPiltrate Conttol PVTiltmte Control 



lc.c Brain IccBrain iZccLung- 0.^LunO 

Control PW Filtrate PUKlttatc Control 


Fig. 3* The effect of treating the extracts with phosphotungstic acid. This treatment 
removes 95 p.c. of the depressor activity of the liver extract, 50 p.c. of the activity 
of the pancreatic extract, practically all of the activity of lung extract and less than 
50 p.c. of the activity from the brain extract. Note that the amount of the lung 
extract control was only one-tenth of that used after treatment with phosphotungstic 
acid. 

with silver, have brought evidence to show that 60 p.c. of the depressor 
activity of the precipitates from the kidney and mesentery was due to 
choline. Pig. 4 shows the effects of choline and of a silver filtrate of the 
brain extract, and that atropine abolishes the action of choline but has 
no effect upon that of the brain filtrate. 
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Fig. 4.V Curve showing that the brain extract after treatment with silver has a depressor 
effect upon an atropinized animal. 
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Fig. 5. Tracings showing purification of brain extract without loss of activity. Figures 
in terms of mg. of solids injected. The curve labelled 0*016 mg. shows the depressor 
effect of 0*015 mg. of higta.yninft . 
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For the purification of the brain extract we have also proceeded as 
follows: the crude brain extract is treated with a saturated alcoholic 
solution of mercuric chloride and made alkaline; the abimdant precipitate 
after removal of mercury can be divided into two fractions, one soluble 
in water, the other not; the active depressor principle with which we are 
working is in the former. 

Fig. 6 shows the effects of purification upon the activity of the extract. 
The first curve shows the activity of the mercuric precipitate after 
removal of the mercury. The dose employed contained 3*40 mg. of 
solids. After treatment with phosphotungstic acid this extract shows the 
same activity when a dose containing 3*04 mg. of solids was injected. 
This solution was then made acid to Congo Red and treated with Lloyd’s 
reagent, filtered, and the precipitate groimd with barium hydroxide, 
water added, and again filtered. The barium was removed from the filtrate 
with sulphuric acid. The activity of an amount of the resulting solution 
which contained 0*46 mg. of solids is shown. When this solution was made 
alkaline and treated with norit, an amount of the filtrate containing 
0*4 mg. of solids exhibits the depressor effect shown in the curve. This 
solution was evaporated to dryness and extracted with 90 p.c. alcohol, 
the alcoholic solution evaporated and taken up in water; an amount 
containing 0*22 mg. of solids has the activity shown in the curve, which 
is approximately equivalent to that produced by 0*015 mg. of histamine 
in aqueous solution. 

We have also pharmacological evidence that these extracts do not 
owe their activity to either histamine or choline. In Fig. 6 the activity 
of the extract purified by treatment with Lloyd’s reagent and alcohol is 
tested against a solution of histamine. The quantity of brain extract 
employed had about six times the depressor activity of the histamine 
used when tested on a dog under ether ansesthesia. The curve shows that 
the brain extract has no effect upon a virgin guinea-pig uterus, while the 
solution of histamine produced its characteristic response. This purified 
brain extract was next tested against the isolated intestinal loop of a 
rabbit. The intestinal loop showed the greatest response to choline, less 
to histamine, and showed no response w'hatever to the brain extract 
(Fig. 7). 

Table I presents a comparison between the brain extract with which 
we have worked and the depressor substance described by other in¬ 
vestigators. The “hormone” of Frey was isolated^rom the urine, the 
depressor substance of Felix and Lange was isolated from several 
organs, particularly the kidneys and the mesentery, while the depressor 
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0.05 mcr. Histamine 


Fig, 6. Curve showing that the purified brain extract has no effect upon the virgin guinea- 
pig uterus, while histamine produces a characteristic contraction. 
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Fig. 7. Curve showing that the purified brain extract has no effect upon the isolated in¬ 
testinal loop of the rabbit, while choline produces a marked contraction and histamine 
a lesser contraction. 
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extract of Euler and Oaddum was also obtained from several organs, 
extracts from the small intestine and brain apparently containing the 
largest amounts of the depressor principle* 


Treatment 

Silver precipitation 

Phosphotungstic acid 
precipitation 

Norit absorption in 
alkaline solution 

Mercury precipitation 
in alcoholic solution 
(acid) 

Mercury precipitation 
in alcoholic solution 
(alkaline) 

H,S 04 ^ Boiling 
5 minutes 

NaOH NIL Boiling 
5 minutes 


Table L 

Prey’s Euler Felix 

Hista- Adeno- hor- and and 

mine Choline sine mone Gaddum Lange Brain 

- + - . . - + 

~ . . . . . + 

— . . . • — + 




+ or ~ indicates presence or absence of activity in the hltrate after indicated treatment 


If the data given by these other observers are constant, we are 
apparently working with a different depressor substance. 


Summary. 

The extract of brain tissue with which we have been working has a 
powerful effect. It is not precipitated by silver, phosphotungstic acid or 
mercury in acid alcoholic solution. It is not absorbed by norit from an 
aqueous solution, but is precipitated by mercury in alkaline alcoholic 
solution. It is not destroyed by boiling in 5 p.c. sulphuric acid or in 
normal sodium hydroxide for 6 minutes. It is active in atropinized 
animals and does not show a Pauly reaction. In one of our previous 
communications the statement was made that the purest solution we had 
obtained which contained this depressor principle showed a positive 
Sakaguchi reaction, indicating the presence of a guanidine compound. 
Since the publication of that paper we have obtained an extract which 
is quite active but gives a negative Sakaguchi reaction. 

This work was aided by a grant from the National Research Council and the American 
Medical Association. 
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Isolation of components in the retinal action potential of the 
decerebrate dark-adapted cat. By Ragnab Gbanit. 

Leads from the cornea and decerebration wound have been taken to 
the input of a directly coupled amplifier with a string galvanometer in the 
bridge formed by two valves working in a ‘‘push pull” arrangement. The 
aim of the work has been to try to establish a biological solution of the 
well-known complex action potential of the retina. In view of the high 
degree of differentiation of the cells in the various layers of the retina, the 
plan adopted was to look for an agent capable of influencing some parts 
of the action potential without interfering with others. Ether was 
chosen first for various reasons and was found to be satisfactory. 

Etherization of a preparation, stable for several hours, removes in 
three characteristic steps definite components of the response to stimula¬ 
tion with white light. These components are indicated in Fig. 1 by the 
Roman letters in the order of their disappearance. Process I (P I) 
disappears rapidly during progressive etherization and the fast com¬ 
ponents are left unchanged. It is essentially a high-intensity process. 
Thus at a certain early stage of anaesthesia the slow component may be 
minute or even absent at high intensities whereas the low-intensity 
action potential is almost or even completely unchanged. Therefore the 
slow so-called c-wave of tlie composite? potential is not homogeneous 
(see Fig. 1). P II next becomes sluggish during continued anassthesia and 
ultimately disappears. Finally only the negative P III is left, provided 
the intensity has been high enough to elicit a negative component. So far 
the changes are reversible. The last stage is a gradual disappearance of 
P III. The changes have then become irreversible. 

Records from the optic nerve indicate that P II is the component 
chiefly responsible for the impulses. P III has not been found associated 
with the setting-up of impulses. P I may promote the discharge but 
appears to be much less effective than P II, if at all so. The optic nerve 
discharge does not cease on removal of P I. The nerve records were 
obtained with needle-electrodes [Adrian and Bronk] stuck mio foramen 
opticum^ the galvanometer serving as an integrator. 



IP PROCEEDINGS OF THE PHYSIOLOGICAL 

It has been possible to confirm the relative independence of the three 
components in experiments where for some reason or other certain 
components have been lacking from the beginning. 

The analysis of the experimental evidence supports the conclusion 
that the three processes pictured in Fig. 1 are the normal components of 
the action potential of an animal possessing very few cones. The initial 
negativity (a-wave) and the off-effect (d-wave) are recognized to be small 
and inconstant in certain mammals including the cat. Their place in the 
solution of the composite effect can be seen in Fig. 1, The typical off-effect 
is a retardation in the drop of potential following the removal of the 
stimulus. It may then be visible in the record from the optic nerve. 



Fig. 1. Diagram showing solution of composite retinal action potential at two intensities of 
illumination in the ratio of 100 :1. Broken lines: components. Linos drawn in full: 
action potentials as recorded; upper line in response to stimulus 100, lower line in 
response to stimulus 1. The a-wave is broadened slightly out of scale in order to show 
its denvation more clearly. 


Observations on absence of cyanosis at great altitudes. 

By Raymond Greene^. 

During the summer of 1931 I was a member of the expedition which 
made the ascent of Kamet, a mountain in the Himalayas 26,447 ft. in 
height. During the ascent I kept careful observation on the colour of the 

^ Schorstoin Research Fellow, Oxford University, Medical Officer, British Himalayan 
Expedition, 1931. 
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lips and faces of my companions. We were all young, in good physical 
training, and well acclimatized to altitude. 

Up to and including Camp V, which was pitched at a height of 23,300 ft., 
I observed no cyanosis, whether at rest or during exercise. Between 
this point and the summit I was, for the most part, climbing alone and 
therefore unable to observe. On the summit we encountered a strong and 
icy wind and we were all blue. But I do not think that we were bluer 
than we would have been under similar wind conditions at ordinary 
levels. 

Barcroft and his colleagues found that natives of Cerro de Pasco 
(14,200 ft.) and Europeans who had lived there for a considerable time 
were distinctly blue. They report that members of the expedition were 
still blue after several days at this altitude, though less so than on 
arrival. On the other hand, after acclimatization members of the Pike’s 
Peak Expedition were not blue, nor were those persons, such as the 
manager and the policeman, who had lived for three months on the 
summit. Members of the Pike’s Peak Expedition did not become blue 
after short bouts of exercise. During long climbs cyanosis became very 
distinct, but it disappeared very rapidly on pausing. 

Even during long climbs, however, I could detect no cyanosis in 
members of the Kamet Expedition. This was probably due to the fact 
that they were in far better training than members of the Pike’s Peak 
Expedition, who were almost continuously occupied with laboratory 
experiments. 

Release of extensor rigidity of the fore-limh by separation from 
lumbo-sacral segments. By T. C. Ruch. {Oxford.) 

A post-brachial transection of the spinal cord which removes from the 
sphere of activity the lumbo-sacral segments augments many-fold the 
decerebrate rigidity in fore-limb extensors. The exaltation of rigidity is 
not due to irritation of ascending tracts by the cord lesion, for it occurs 
when the spinal cord has been severed weeks before examination. The 
phenomenon is considered an adorally acting ''release of function” due 
to freeing the fore-limb reflex arcs from tonic inhibition originating 
below the level of section. A priori, such tonic inhibition would be 
expected to originate from the proprioceptive nerves from hind-limb 
muscles. But release of fore-limb extensor reflexes occurs when the 
portion of the cord removed has been previously deprived of a large 
share of its afferent paths by the nerve sections practised in preparation 
for reflex experiments on the hind-limbs. To follow out the implications 

a2 
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of this observation, the lumbo-sacral segments have been deafferented 
on both sides, decerebration performed, and, after recovery from the 
ansBsthetic, the condition of fore-limb rigidity examined, either clinically 
in the intact limb, or by recourse to the optical isometric myograph and 
isolated triceps muscle. This more extensive reduction of the afferent 
paths which might act upon the reflex centres for the fore-limbs has been 
found in a series of experiments not to produce any detectable release. 
The stretch reflex of triceps muscle seems entirely normal in magnitude. 
When, however, transection is performed at the level of the highest 
spinal root severed, which eliminates only segments already deafferented, 
the usual exaltation of fore-limb rigidity occurs. Complete deafferenta- 
tion is therefore not equivalent to cord section in freeing the fore-limb 
from inhibition. The ubiquitous possibility of excitation from the cut ends 
of spinal roots being the source of inhibitory impulses intrudes, although 
the data of Adrian [1930] suggest that the 20 hours allowed after de- 
afferentation is ample time to insure complete freedom of the lumbo¬ 
sacral segments from afferent impulses. The conclusion reached is that 
a portion of spinal cord entirely deprived of centripetal impulses is still 
capable of restraining the activity of fore-limb proprioceptive reflex arcs. 
There appears to exist an adorally directed stream of inhibitory impulses 
of purely intracentral origin and such inhibition is, therefore, an auto¬ 
matic function of the spinal cord such as the automatic rhythmical 
functions under ansesthesia established by Graham Brown [1914], 
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The dynamics of the ventricular contraction of the tortoise 
heart. By G. Stella. {Univ. Coll. London.) {Preliminary 
communication.) 

The duration of the contraction of the ventricle is affected by a 
variety of conditions, among which the arterial resistance has long been 
recognized to play a considerable part. Thus 0. Frank [1895] on the 
frog’s heart, and De Heer [1912] and Patterson, Piper and Starling 
[1914] on the mammalian heart have observed that the higher the 
arterial resistance the longer the heart remains in a state of contraction. 
The mechanism, however, by which this affects the systole is not clear. 

Experiments performed on the isolated ventricle of the tortoise heart 
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indicate that there is a tendency for the contractile stress set up in the 
heart muscle at any moment to be determined by its, volume at that 
moment and by the time that has elapsed since the commencement of 
systole. 

These were made at a low temperature (8°-10° C.) on ventricles driven 
artificially 6 to 10 beats per minute. The ventricle was perfused with a 
mixture of Ringer’s solution and tortoise blood; changes in volume and 
in intra-ventricular pressure were recorded, the latter optically. The 
apparatus employed was similar to that used by Peserico [1928] 
modified so as to allow of changing the contraction from isotonic to iso¬ 
metric, and vice versa, at will. Under these conditions, and while the 
heart was working regularly and isotonically, input and output were cut 
off at the end of a systolic ejection so that the next systole should occur 
isometrically at the smallest volume reached by the preceding isotonic 
systole. The last part of the isometric contraction pressure curve was then 
found to coincide very well, within the limits of experimental error, with 
the last isometric part of the preceding isotonic systole; both curves, 
moreover, reached the zero line at about the same time from the begin¬ 
ning of the systole. Similar results were obtained with all arterial re¬ 
sistances investigated, and with very different volumes. In some experi¬ 
ments the systolic ejection was interrupted at different times from the 
beginning, so that the remaining part of the systole should occur iso- 
metrically, and the heart made to contract at the next systole isometric¬ 
ally at the volume it had at the time when the interruption was effected. 
Here, also, the second part of the two curves for intra-ventricular 
pressure showed a very satisfactory coincidence in course and time. All 
these facts are made clearer by the fact that variations in duration of 
systole for different volumes may be very considerable. The conclusion 
seems to be that the volume of the heart is a determining factor for the 
energy liberation not only at the moment of stimulation but throughout 
the whole systole. Quick release experiments were also performed by 
withdrawing a known amount of liquid from inside the heart at different 
moments from the beginning of an isometric systole. The fundamental 
findings described by Gasser and Hill [1924] on the redevelopment of 
tension for the striated muscle of the frog were found to repeat them¬ 
selves here; according to Gasser and Hill, however, if the release takes 
place after the peak of the contraction, redevelopment does not occur. 
Here, however, redevelopment was found to take place even if the release 
was made as late as the second third of the downward part of the curve. 
Whenever the release was made not too abruptly the last part of the 
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contraction was found, moreover, to follow the course corresponding to. 
the new volume. 
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The effect of Insulin on the relation between the oxidation and 
ssrnthesis of sugar. By E. W. H. Cbuiokshank. {Dept, of Physiology, 
Dalhousie University, Halifax, N.S.) {Preliminary communication.) 

The question as to whether or not insulin increases oxidative meta¬ 
bolism has been much debated. The discrepancy between results recorded 
has arisen from the difficulty in recording accurately the gaseous meta¬ 
bolism of a skeletal or cardiac muscle preparation and of estimating the 
changes in the glycogen content of the tissue under observation. 

By an improved method for the estimation of oxygen and CO, it has 
been found that as far as the isolated heart is concerned hyperglycsemia 
produces a 10 p.c. increase in oxygen consumption with an equivalent 
increase in heat production, the respiratory quotient being unity. The 
addition of insulin (10 to 20 units of Betin; Eli Lilly & Co.) in hyper- 
glycsemia increases the oxidative changes by only 3 p.c., it alters the 
balance between oxidation and synthesis from a percentage normal 
ratio of 98; 2 to one of 70: 30, with the result that glycogen synthesis is 
increased some 30 p.c. Such a change is associated with a marked increase 
in the removal of sugar from the circulating blood. Similar experiments 
have been carried out with hearts subjected to a rapidly progressive 
hypoglycsemia, and the general trend of results is such that one is forced 
to the conclusion that, even with a rapid depletion of blood sugar, insulin 
still exerts a powerful synthetic action. In some hearts there is a distinct 
storing of glycogen, in others a definite sparing of carbohydrate stores. 
Oxidative processes may show the usual 3 p.c. increase or may suffer 
diminution. In conditions of hypoglycsemia where all the blood sugar 
used and a certain amount of muscle glycogen are oxidized, insulin 
changes the usual oxidation synthesis ratio from 100: 0 to an average of 
85:15. 
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Adrenaline and reflex ezcltabiUty of the cardlo-inhibitory 
centres. By G. Stella. {Univ, Coll. London.) (PreUmina/ry 
communication.) 

The question whether adrenaline has any effect upon the cardio- 
inhibitory centres remains still an open one since Oliver and Schafer’s 
[1894] first observations of a marked slowing of the heart rate following 
its intravenous injection. 

Among recent workers, C. Heymans [1930] explains the brady¬ 
cardia as a direct consequence of the primary rise of arterial pressure in 
the sensitive regions of the arch of aorta and carotid sinus; he points out, 
in fact, that if the depressor and carotid sinus nerves be cut, slowing of 
the heart rate from adrenaline is no longer observed (that is, if the dose 
of adrenaline be not too large). On the basis of such results Heymans 
emphatically denies that adrenaline in the usual doses has any effect 
upon the cardiac vagus centres. 

On the other hand, experiments by independent perfusion of the head 
in the whole dog [Anrep and Starling, 1926], or in the innervated 
heart-lung preparation [Anrep and Segall, 1926; Volhard, 1930] have 
shown that adrenaline injected into the separate head circuit, and thus 
incapable of affecting directly the systemic arterial pressure, usually 
still causes slowing of the heart, both when the pressure in the carotid 
sinus is maintained artificially constant or after complete denervation of 
the latter, as in Volhard’s experiments. The difference in the results of 
Heymans and those of Volhard is surmised by the former to be due to 
the abnormal conditions of the head perfused with defibrinated blood in 
the latter’s experiments. It seemed, however, that a more fundamental 
difference between the two kinds of experiment lies in the fact that 
Heymans cut the afferent paths through which the arterial pressure 
regulates the heart-rate thus making it impossible to detect an action 
(if any) of adrenaline upon the responsiveness of the cardio-inhibitory 
centres to the afferent impulses frpm the aorta and carotid sinus. 

The conclusion reached from the present investigation is that adrena¬ 
line actually does affect the reflex excitability of the cardio-inhibitory 
centres, in the sense that the degree of slowing of the heart produced 
refleidy by increasing the pressure in the carotid sinus or the arch of the 
aorta is far more pronounced when adrenaline is circiflating in the head. 

The experiments were performed on dogs anaesthetized by morphine 
(0*6eg.) and urethane (0*3 g. per kg.); to study the carotid sinus re¬ 
flexes, this was isolated and perfused on both sides with a technique 
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already described, and the depressor nerves were cut, leaving the vagi 
intact. It was found that after the intravenous injection of adrenaline 
(0-5-1 c.c. of 1; 30,000 solution in a 10 kg. dog) a rise of the perfusion 
pressure in the carotid sinus was much more effective upon the heart 
rate than before the injection, and the effect coincided in time with the 
bradycardia observed in the intact animal. The same results were 
obtained by altering the pressure in the aorta in the innervated heart- 
lung preparation: in these experiments the head was perfused artificially 
by means of a Dixon pump, from the brachiocephalic, after careful 
denervation of both carotid sinuses. The slowing of the heart produced 
by increasing the systemic pressure was considerably more marked after 
injection of adrenaline in the circuit of the head. This was true also when, 
to counteract the effect of adrenaline vaso-constriction, the input from 
the pump was diminished so as to keep the pressure in the carotid 
arteries constant. 

The marked bradycardia following an intravenous injection of 
adrenaline seems therefore to have as its cause the action of increased 
arterial pressure upon a more excitable cardio-inhibitory centre. 
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Ciystalllne preparations with vitamin activity. By H. Barnes, 
J. E. O’Brien and V. B. Reader. {Dept, of Biochemistry^ Oxford.) 
{Preliminary com^munication.) 

A yield of 20-30 mg. of crystalline hydrochloride per cwt. of bakers’ 
yeast has been obtained. The daily requirement of the adult rat is 
0-01 mg. per day. (For method of assay see Reader [1930].) The pre¬ 
liminary extraction of the yeast and adsorption of the vitamin B^ upon 
charcoal (pH 1) has been described elsewhere by Peters [1931]. This 
charcoal was extracted with 50 p.c. acid-alcohol, the alcohol removed 
in vacuo, and the extract subjected to successive treatments with 
mercuric sulphate, baryta, H^S, and sodium phosphotungstate. A definite 
crystalline phosphotungstate, precipitated at pH 2, was obtained and 
recrystallized from 50 p.c. alcohol. It was then dissolved in 50 p.c. 
acetone to remove the phosphotungstic acid with baryta. The filtrate, 
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after removal of acetone, was hydrolysed by heating on the water bath 
for 1 hour with 6 p.c. HCl; then concentrated in vaouo to quite small 
volume (6 c.c. per cwt. original yeast). On addition of alcohol and ether 
and standing overnight crystals appeared. Fine needles, with m.p. 
248° C. with charring. Preliminary analyses suggest the empirical formula 
of the anhydrous substance to be C 4 N 4 H 5 CI. 
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The action of the vagus on the rh 3 rthm of the mammalian heart. 

By G. L. Brown, J. C. Eccles and H. E. Hoff. (Physiological 
Laboratory, Oxford.) 

Experiments have been performed with a view to investigating the 
effect of vagus stimulation on the rhythmic discharge of the nodal tissue 
of the mammalian heart. 

The action potential of the sino-auriciilar node of the decerebrate cat 
was recorded with an amplifier and Matthews’ oscillograph, as previously 
described by Eccles and Hoff [1931]. Single break induction shocks 
were applied to the peripheral ends of the right and left vagus through 
shielded electrodes in the neck. 

A single volley so set up in either vagus effects a distinct slowing of 
the rhythm lasting not more than ^ min. The right vagus is usually 
more potent than the left. The effectiveness of the vagal volley upon that 
nodal cycle during which it falls depends upon its position in the cycle. 
For instance, the nodal cycle is not lengthened when the stimulus to the 
vagus is applied at a short interval before the next nodal discharge, 
though subsequent cycles are lengthened normally. This ineffective 
interval which follows the setting up of a vagal volley we have, for the 
following reasons, regarded as representing the true latent period of the 
vagal inhibition. Its value remaii^s constant in any one animal, provided 
the temperature of the animal is constant. Its length appears to be 
independent of the duration of the nodal cycle, since it is not significantly 
changed by alterations in the length of the nodal cycle produced by the 
following means: 

(а) Concurrent tetanic stimulation of the other vS,gus. 

( б ) Concurrent tetanic stimulation of the accelerantes. 

(c) When the vagal stimulus is timed to fall during the lengthened 
(compensatory) cycle following an induced extra-systole. 
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The value of the latent period varies between lOOcr and 160(7 in various 
experiments and is the same for maximal and submaximal stimulation 
of the vagus. 

The time course of the inhibition (Fig. 1, lower curve) shows a sharp 
maximum which follows so closely on the end of the latent period that it 
involves the first inhibited cycle. A second very flattened maximum may 
occur several cycles later. 

The inhibition produced by a second volley, either in the same or 
opposite vagus, sums with that produced by the first. In Fig. 1, for 
example, the upper curve shows the time course of the inhibition pro¬ 
duced by a second volley set up in the same vagus 390 (t after the first. 
There is summation of the inhibitory effects produced by simultaneous 
stimulation of the opposite vagi. 



Fig. 1. Time course of inhibition following single (lower curve) and double (upper curve) 
stimuli applied to the right vagus. Times of the stimuli are shown by the arrows. 
Ordinates—duration in seconds of each nodal cycle. Abscissie—interval in seconds 
between stimulus and end of corresponding cycle, 
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Inhibition in peripheral preparations of skeletal muscle. 

By Grace Briscoe. 

In reflex preparations inhibition is demonstrated against a back¬ 
ground of existing contraction, and shows itself as a loss or reduction of 
contractile tension. In peripheral preparations a sudden change in the 
rate of the stimulating current produces, under certain circumstances, a 
loss or reduction of existing tension, and this fall of tension may be more 
rapid than* that due to cessation of stimulus. 

The double reaction of reciprocal contraction and inhibition in 
antagonistic muscles can be shown if certain experimental conditions as 
to anaesthesia, diflerences in rate and strength of the stimulating currents, 
be observed. 

If a muscle be maintained for a short period {e,g. 10-20 seconds) in a 
state of strong postural contraction by a suitable slow rate of stimulus 
applied to the peripheral nerve trunk, then a sudden change to a fast rate 
(i.e. one capable of carrying out phasic movements) will produce a 
sudden relaxation, although this same fast rate is of such a character that 
it would have produced a full contraction in the resting muscle. On the 
other hand, if a muscle be maintained in a condition of mild postural 
contraction, a sudden increase of rate of stimulation will augment the 
existing contraction. In other words, the result of a given stimulus is 
dependent on the receptive condition of the muscle concerned; if passive 
—contraction; if engaged in a different kind of functional activity— 
relaxation. 

An extensor muscle is prepared in one limb and a flexor on the other 
side, so as to avoid interference. Neon lamp discharges are used as the 
source of stimulation [Briscoe and Leyshon, 1929]. The two nerves 
always receive the same rate of stimulation, whatever that rate may be. 
The strength of the stimulating currents is regulated by separate poten¬ 
tial dividers, and is varied to either nerve according to the conditions of 
the experiment. 

The neon lamp is made to flash at a slow P (postural) rate [Briscoe, 
1931]. The strength of potential applied is so arranged that extensor 
develops a strong postural contraction, flexor a weak postural contrac¬ 
tion. A sudden increase to an Af (movement) rate nW causes opposite 
effects in the antagonistic muscles. Extensor relaxes while flexor 
augments. Changing back to a P rate causes extensor to contract, while 
flexor relaxes. (See Fig. 1.) 
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If conditions as to strength of stimulus be reversed, so that flexor it 
placed in strong postural contraction, change to an M rate produces 
relaxation in the flexor and augmentation of contraction in the extensor. 
Similar muscles can be prepared, e.g. quadriceps in either limb, and made 
to show reciprocal contraction and inhibition. 

It is improbable that these reactions take place in the nerve trunk at 
the site of stimulation, for they are affected by drugs introduced into the 
circulation. It is also improbable that they are confined to the neuro¬ 
muscular junctions, because the same type of reaction can be demon¬ 
strated in muscles which are stimulated directly. The changes, however, 
are not so extensive as with indirect stimulation, probably because it is 
difficult to stimulate the whole muscle directly. 



Fig. 1. Cat. Dial and ether. Tracing from record. Upper line right quadriceps, lower left 
tibialis and ext. 1. dig. Contraction downwards. Whole line indicates when rate suit¬ 
able for posture used (P), dotted line when rate suitable for movement used (ikf). 
Bates changed by plugging \ megohm resistance in and out of charging circuit. No 
change in strength or character of stimuli. Extensor receives maximal, flexor sub- 
maximal P stimulus. First three spells of M stimuli recorded on slow drum, fourth 
on fast drum. Inhibitory eflect not so marked in early stages of a posture. 
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Normal gas tensions in the mucous membrane of the rabbit’s 

uterus. By J. Abgyll Campbell. (National Institute for Medical 

E^sea/rcK) 

The following experiments were carried out for Dr Arthur Walton 
of the School of Agriculture, Cambridge, who requested information on 
gas tensions within the uterus. 

Six rabbits (2~3 kg.) were anaesthetized with amytal and in addition a 
little A.c.E. mixture was required for three of them during the operation. 
In this the abdomen was opened for about 3 inches just above the sym¬ 
physis pubis and small clips were placed at the free ends of the Fallopian 
tubes to close their openings into the abdominal cavity. A ligature was 
placed either at the internal or external end of the vagina. Up to 20 c.c. 
of oxygen and nitrogen gas mixtures, with oxygen tensions varying 
between 0 and 50 mm. Hg, were injected into the main cavity of the 
uterus by means of a hypodermic needle and gas container. After 
closing the abdomen, the lower half of the animal’s body was kept under 
saline at 38 to 40® C. Samples (2 to 10 c.c.) of gas were withdrawn from 
the uterus usually at hourly intervals up to about the fifth hour after 
injection, and the oxygen and carbon dioxide tensions were calculated in 
the usual way after analysis in the small or large Haldane analyser. The 
results are recorded in Fig. 1, at zero hour, the tensions of the injected 
gases being shown. Anaesthetics as used in these experiments decrease 
the oxygen tension and increase the carbon dioxide tension on an average 
by 4 mm. Hg, so that allowance must be made for this. The numbers in 
Fig. 1 refer to the different experiments. Where the lines become hori¬ 
zontal, equilibrium between the gas tensions in the free gas in the uterine 
cavity and those in the cells of the mucous membrane has become estab¬ 
lished. Straight lines and not curves have been drawn between the points 
to distinguish the different experiments. Of course the carbon dioxide 
tension rises much more steeply than shown in most of the experiments. 

The oxygen tension in five of the rabbits is obviously somewhere 
between 30 and 45 mm. Hg. In the remaining case, after allowing 
for effect of ansesthesia, the oxygen tension is about 20 mm. Hg, so 
that for all the rabbits investigated the limits for oxygen tensions are 
20-45 mm. Hg. 

In all six experiments the limits for carbon dioxide tensions are 
40 and 60 mm. Hg. The point above 60 is probably due to anaesthesia. 
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Fig. 1. 

Similar results were obtained with the uterus of the cat, injecting 
only a bubble of gas, which was analysed in a Krogh micro-apparatus 
using 76-80 per cent, glycerol in water to enclose the bubble. 


REFERENCE. 

Campbell, J. Argyll (1931). Physiol, Rev, 11, 1. 





SOCIETY, JULY 2, 1932. 


16F 


Hiimoral tnutisniMlon and the chorda tsrmpani. 

By 0. S. Gibbs^ and J. SzblOczby®. 

' A considerable bulk of evidence has now accumulated to show that 
rhen a para-sympathetic nerve is stimulated a substance is liberated 
^hich possesses the pharmacological properties of acetyl choline, and 
rhich is probably the physiological connection between the nerve and its 
nd organ. It is now certain that physostigmine acts by preventing the 
3ipid normal destruction of this substance. This latter discovery makes 
; easy to demonstrate the production of the para-sympathetic hormone 
rhich we have been able to obtain in a relatively clean solution by a 
special method of perfusion from the submaxillary glands of both cat 
and dog. Essentially the experiment consists of perfusing the gland only 
'or short periods during which the chorda tympani is stimulated, and 
mmediately restoring the normal blood stream. After small quantities 
)f physostigmine have been administered one may wash out from the 
^land during chorda stimulation a highly active substance. This sub- 
itance we call “Chordastoff.^* Tested by injecting into the gland artery, 
'Chordastoff ” shows itself to be a powerful secretory stimulant; on the 
)lood-pressure it has a powerful depressor effect; to the isolated frog’s 
leart it is depressant, and to the isolated rabbit’s intestine, stimulant, 
n all four places this action is prevented by atropine, and both qualita* 
ively and quantitatively it behaves like acetyl choline. Furthermore, 
he substance is rapidly destroyed by blood, or blood cells, which 
estruction is prevented by physostigmme. We are therefore able to 
Dnfirm on the gland the work of Loewi on the isolated frog’s heart, 
nd that of Engelhart on the eye. We also establish beyond any doubt 
’le presence of this substance in the gland during stimulation of the 
lorda tympani. 

These experiments were performed in the Pharmacological Institute, 
versity of Vienna. 

^ TraTelling RookefeUer Fellow of the Med. Res. Oounoil. 

* Stipendist from the Hungarian Government. 

*he depreMor constituents of muscle extracts. By A. N. Druby^. 

(Department of Pathology^ CanJmdge.) 

If a neutralized trichloracetic acid extract of ox heart muscle is 
troduced intravenously into the rat the heart *rate is temporarily 
cjd. This bradycardia appears to be an a.-v. rhythm, and sets in and 
ids abruptly. A similar disturbance is produced by injecting muscle 
^ Working on behalf of the Medical Research Ck>uncil. 
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adenylic acid. By comparing the duration of the effect produced by ^ 
muscle extract with that produced by very small doses of muscle adenylic 
acid an estimate oan be made of the amount of the responsible substance 
or substances. About 100 mg. of substance per 100 g. of fresh tissue aro' 
found to be present. On the other hand, the same muscle extract pro¬ 
duces a heart block in the guinea-pig which has been shown to be due 
to adenylic acid [Drury and Szent-Gyorgyi, 1929; Bennet and 
Drury, 1931]. By comparing the effect in this animal with small doses 
of adenylic acid, the muscle extract contains only about 50 mg. oi 
adenylic acid per 100 g. of fresh tissue. 

The results suggest that a substance is present in addition to adenylic 
acid which has no influence upon the guinea-pig’s heart and produces ar 
A.-v. rhythm in the rat’s heart. 

The purification ol the muscle extract on the lines already reported 
[Drury and Szent-Gyorgyi, 1929] shows that the barium salt of the 
additional substance is soluble in water while the lead salt is insoluble. 
As the same salts of adenylic acid have similar properties, it would 
appear that the additional substance is allied to adenylic acid. It is, 
however, less readily inactivated by hydrochloric acid than adenylic acid 

Cytidyiic acid, derived from yeast nucleic acid, in doses of 2 mg. and 
under, does not disturb the rhythm of the guinea-pig’s heart and produces 
an effect in the rat identical with that seen after introducing musclr 
adenylic acid. A mixture of pure adenylic acid and yeast cytidyiic aci( 
has the same characteristics as the muscle extract, for if it is comparec 
in the guinea-pig with known doses of adenylic acid it is less active thar 
when it is similarly compared in the rat. 

As cytidyiic acid is more resistant to mineral acids than adenyli' 
acid, it would seem reasonable that this, or some closely allied substance 
is the additional factor present. 

Yeast cytidyiic acid, introduced intravenously in doses of 1*0 mgm 
into the rabbit, causes a fall in blood-pressure of about 30 mm. Hg 
which is not abolished by atropine. From the above experiments i^ 
would appear probable that cytidyiic acid is present in muscle extract^ 
and plays a part in their depressor activity. It may be the depresso 
substance reported [Bennet and Drury, 1931] in the hydrolyi|ftt 
from the hydrolysis of yeast nucleic acid which was inactivated wit! 
difficulty by hydrochloric acid. 
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